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Geology

Tectonic alteration of a major Neogene river drainage of the Basin and Range
Chairperson: James W. Sears
Depositional characteristics of the ‘Divide unit’ of the Cretaceous Beaverhead Group within the
southern Beaverhead Mountains challenge previous interpretations. This study reassigns the Divide unit
to the Neogene. This revised age assignment highlights a major influx of immature sediment at the
onset of Basin-Range normal faulting. Syntectonic deposition in an active half-graben continued from
Middle Miocene to the Pliocene, attaining a thickness of 800 m. Local clasts of carbonate, siliciclastic and
orthoquartzite entered the channel from the immediate west through large mass-wasting events.
Dacitic fluvial cobbles dated herein to 98 Ma were transported from an unknown southwesterly source.
Clasts of the Ordovician Kinnikinic or Swan Peak Quartzite of Idaho experienced multiple phases of
recycling from regional Cretaceous conglomerates such as the Beaverhead Group. Detrital zircon
analysis of a feldspathic quartzite cobble identifies the Brigham Group of the Pocatello area as a source.
Detrital zircons of anomalous ages suggest long-distance transport from the southern Basin and Range.
This major drainage, analogous and likely continuous with that of the Sixmile Creek Formation in SW
Montana, was long-lived until uplift associated with passage of the Yellowstone volcanic system halted
deposition between 4.5 and 4.1 Ma. A broad volcanic plain persisted until movement along the Middle
Creek Butte fault exposed the deposit around 0.365 Ma. Progressive recycling of resistant quartzite
cobbles creates a subtle record of sedimentation in the northern Basin and Range, which has long been
misidentified or overlooked. A revised interpretation for the Divide deposit allows for investigation of
Neogene tectonics in the northern Basin and Range.
The revised age interpretation for the ‘Divide unit’ demands a revised interpretation of
structural evolution. Dextral shear has been proposed as a mode of strain accommodation between the
Centennial tectonic belt and the eastern Snake River Plain, yet no through-going strike-slip fault has
been identified. Deformation features within the ‘Divide unit’ highlight a poorly organized and immature
strike-slip system. Strain is distributed across numerous high angle conjugate strike-slip faults which
loosely lie sub-parallel to the orientation of maximum principal stress (σ1). Distributed strain occurs in a
wide yet discrete primary deformation zone (PDZ). These observed features are consistent with the
Centennial shear zone hypothesis. Published shear experiments suggest that inherited fractures
suppress formation of through-going strike-slip faults. Subcritical offset and inherited structures have
suppressed through-going strike-slip fault formation in the study area. Results of this study illustrate
fundamentally unique kinematics of emerging shear zones. Strain is distributed among many high angle,
possibly conjugate, strike-slip faults that sub-parallel σ1 and the PDZ. Deformation features are
unorganized until total offset collapses strain upon a single linked fault. For these reasons, emerging and
immature shear zones lack characteristic offset topography and centralized fault geometries of
developed systems, bearing little resemblance to classical models of shear.
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CHAPTER 1. Introduction

The remote southern Beaverhead Mountains form the Continental Divide along the southwest
Montana/Idaho border (Fig. 1). The Snake River Plain partly covers the southern part of the range, south
of the divide. Part of the neotectonic Centennial Tectonic Belt (CTB), the Beaverhead Mountains are
actively widening in the NE-SW direction, in harmony with northern Basin and Range extension (Stickney
and Bartholomew, 1987). The Cenozoic extension segments highly complex, pre-existing thrust
structures of the Cordilleran fold-and-thrust belt in the Beaverhead Mountains (Perry et al., 1988). The
Yellowstone caldera lies to the east, at the terminus of the eastern Snake River Plain (Pierce and
Morgan, 2009). The crossroads of these geologic provinces create a highly dynamic system that contains
valuable evidence of multiple phases of tectonic and volcanic processes. However, the added complexity
makes it difficult to decouple various sedimentological and structural features. This study reassesses the
informal 'Divide unit' of the Cretaceous Beaverhead Group (Ryder and Scholten, 1973) to address
inconsistencies within current hypotheses and to formulate new interpretations regarding tectonic
deformation in the region.
Following the compressional stages of the Cordilleran orogeny multiple phases of extension
deformed the Montana - Idaho region (Sears and Fritz, 1998). Eocene-Oligocene extensional faults
generally parallel the fold-and-thrust belt, and evidently resulted from relaxation of over-thickened
orogenic crust (Coney, 1987). Voluminous sedimentation and volcanism accompanied extension along
the thrust front (Link et al., 2008). As in the Cretaceous, the sediment experienced long-distance eastdirected transport (Schmitt and Steidtman, 1990). Resulting similarities in orientation, extent, and
source material complicate distinctions between the generally unfossiliferous and poorly dated coarse
sedimentary deposits proximal to the Cordilleran orogeny and the Eocene-Oligocene extensional pulses
(eg Nichols et al., 1985; Lindsey, 1972).
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Basin and Range extension began around 17 Ma (Zoback et al., 1981). In the southwest Montana
and east-central Idaho region, NE-striking normal faults accommodated NW-SE extension (Sears and
Fritz, 1998). The Yellowstone volcanic system began at this time, near McDermitt, Nevada (Pierce and
Morgan, 2009). Progressive bimodal eruptions of the Yellowstone volcanic system propagated NE over
time, along the present trace of the eastern Snake River Plain (Pierce and Morgan, 2009). Ignimbrite
mega-eruptions migrated southward through the Basin and Range (Axen et al., 1993). Northeasterly
extension became dominant in the SW Montana/E Idaho region in the Neogene, and continues today
(Sears and Fritz, 1998; Stickney and Bartholomew, 1989). This extension set up dominant NW-striking
normal faults in the Centennial Tectonic Belt (CTB) of the northern Basin and Range. The southern
Beaverhead Mountains mark a change in strike geometry from the NW-striking Lemhi, Lost River, and
Beaverhead faults to the east-striking Centennial fault, just to the east (Fig. 2). The Centennial fault
displays oblique-slip subparallel to extension in the CTB as well as with the axis of the eastern Snake
River Plain (ESRP) (Payne et al., 2013). When extension vectors are resolved for the two faults, the net
extension vector parallels the CTB.
The long history of progressive tectonic pulses in Montana and Idaho has created highly
dynamic geologic systems. Tectonic pulses have segmented basins through block faulting, drastically
altering major drainages. Eastward migration of the Continental Divide, and northeastward
advancement of volcanism and uplift associated with the Yellowstone volcanic system further altered
drainages (Galloway et al., 2011; Pierce and Morgan, 2009; Anders, 1994). Eventually, these topographic
changes isolated the internally drained Great Basin and effectively cut off the mature drainages that
flowed northward across North America (Beranek et al., 2006).
The tectonic activity created the complex structures and stratigraphic relationships observed in
the region. Accurately interpreting this complex fabric requires both meticulous attention to detail and
broad spatial and temporal scopes. In dealing with such dominating regional features, workers
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commonly lump features and overlook correlations. This study investigates whether reported gaps in
the tectonic record are a result of erosional periods, or simply misinterpretations.
It appears that the 'Divide unit' of the Beaverhead Group highlights one such gap in our
understanding of sedimentation and deformation with the region. The Beaverhead Group contains 11
distinct facies, all interpreted as being derived from thrust sheets of the Cordilleran orogeny (Ryder,
1967). The local stratigraphic column contains sparse amounts of Cenozoic strata (Ryder and Scholten,
1973, Scholten et al., 1955). The sedimentary record is voluminous in the Cretaceous, yet the Neogene
record is thin (Scholten et al., 1955). Modern basin fill and glacial till resembles the coarse clastic
material of the Beaverhead Group, suggesting recycling as a dominant sedimentation mechanism.
Numerous inconsistencies occur within the depositional model of the Divide unit. It is possible that the
impressive thrust structures of the southern Beaverhead Mountains have led to a bias towards the
Mesozoic age assignments of the deposits of the Divide unit. This study investigates sedimentation and
deformation of the Divide unit of the Beaverhead Group. Sedimentary features of the Divide unit
constrain timing of deposition and possible sources. The resulting revised sedimentary interpretation
has major implications for regional neotectonics.
Current maps of the Divide unit show no significant faults (Vuke et al., 2007). However, my
detailed fieldwork revealed numerous young-to-active small-scale faults and fracture zones related to
modern stress fields.
The goal of this thesis is to present two alternative hypotheses for sedimentation and structural
evolution of the Divide unit of the Beaverhead Group. Chapter 2 investigates the sedimentary
characteristics of the deposit, providing evidence for revised age, source, and tectonic interpretations.
Chapter 3 provides a field guide to key outcrops. Chapter 4 uses the revised age interpretation to
address the stress field around the ESRP/CTB area in order to assess the Centennial Shear Zone. Chapter
5 applies these findings to prominent regional phenomena such as the Yellowstone volcanic system.
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With these revised interpretations, I highlight the incredible complexity of the geologic features within
Montana and Idaho and encourage continued objective research on such regional issues. These chapters
are intended as stand-alone articles for publication.
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CHAPTER 1. Figures
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CHAPTER 2. Neotectonics and polycyclic quartzite-clast conglomerates
of the northern Basin and Range Province

Stuart D. Parker
University of Montana, Missoula, Montana, 59812, USA

ABSTRACT
Depositional characteristics of the 'Divide unit' of the Cretaceous Beaverhead
Group within the southern Beaverhead Mountains challenge previous interpretations. This
study reassigns the Divide unit to the Neogene. This revised age assignment highlights a
major influx of immature sediment at the onset of Basin-Range normal faulting.
Syntectonic deposition in an active half-graben continued from Middle Miocene to the
Pliocene, attaining a thickness of 800 m. Local clasts of carbonate, orthoquartzite and
siliciclastic sedimentary lithologies entered the channel from the immediate west through
large mass-wasting events. Dacitic fluvial cobbles dated herein to 98 Ma were recycled
from the underlying Beaverhead Group. Clasts of the Ordovician Kinnikinic or Swan Peak
Quartzite of Idaho experienced multiple phases of recycling from regional Cretaceous
conglomerates such as the Beaverhead Group. Preliminary detrital zircon analysis of a
feldspathic quartzite cobble identifies the Brigham Group of the Pocatello area as a source.
Detrital zircons of anomalous ages suggest long-distance transport from the southern Basin
and Range. This major drainage, analogous and likely continuous with that of the Sixmile
Creek Formation in SW Montana, was long-lived until uplift associated with passage of the
Yellowstone volcanic system (aka Yellowstone hotspot) halted deposition between 4.5 and
6

4.1 Ma. A broad volcanic plain persisted until movement along the Middle Creek Butte
fault exposed the deposit around 0.365 Ma. Progressive recycling of resistant quartzite
cobbles creates a subtle record of sedimentation in the northern Basin and Range, which
has long been misidentified or overlooked. A revised interpretation for the Divide deposit
allows for investigation of Neogene tectonics in the northern Basin and Range.
INTRODUCTION
An extensive gravel deposit known as the 'Divide unit' of the Beaverhead Group occurs in the
southern Beaverhead Mountains of southwest Montana and Idaho (Fig. 1). Scholten (1955) and Ryder
and Scholten (1973) described and named the informal Divide unit, but its source and age remain poorly
constrained (Nichols et al., 1985). This study reevaluates the Divide deposit, investigating possible
sources for exotic cobbles and providing a timeline for deposition. Resistant quartzite cobbles are
common among conglomerates and gravel deposits of the Basin and Range, throughout Cretaceous and
Cenozoic time (Lindsey, 1972; Janecke and Snee, 1993). Researchers often cite recycling of such clasts,
yet local stratigraphy typically fails to highlight episodes of such reworking (Lindsey, 1972; Ryder and
Scholten, 1973). Constraining age and source among recycled quartzite-clast conglomerates, such as the
Divide, is crucial to understanding the tectonic evolution of the northern Basin and Range province.
GEOLOGIC FRAMEWORK
Lowell and Klepper (1953) defined and mapped the Beaverhead Formation across the
Beaverhead Mountains near the southern Montana/Idaho border. The Beaverhead was later raised to
Group status by Nichols et al. (1985). Oxidized alluvial conglomerates of predominantly quartzite to
limestone cobbles and boulders typify the Beaverhead Group. Ryder and Scholten (1973) and Nichols et
al. (1985) dated several units to Late Cretaceous. Forming the Continental Divide in the southern
Beaverhead Mountains, the Divide quartzite-conglomerate unit has not been dated, due to lack of fossil
specimens (Nichols et al., 1985).
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Lowell and Klepper (1953) and Ryder and Scholten, (1973) cited the Belt Supergroup as the
primary source of abundant feldspathic quartzite cobbles within the Beaverhead Group, while
orthoquartzite clasts were assigned to the nearby Ordovician Kinnikinic Quartzite. The Kidd
conglomerate unit of the Beaverhead Group contains numerous clasts of green siliceous argillites,
typical of the Belt Supergroup, while the Divide unit does not (Ryder and Scholten, 1973). Ryder and
Scholten (1973) highlighted the abundance of quartz-veined black chert, chert-breccia and dacite clasts,
but failed to constrain their sources. While the presence of these unique clasts led to the distinction
between the Divide and Kidd units, deposition was considered synchronous.
Curiously, the Divide unit displays a consistent northerly transport direction, inconsistent with
interpreted sources that lie west and northwest of the Divide unit (Fig. 2) (Ryder and Scholten, 1973).
Love (1956) explained this discrepancy in paleoflow by invoking the hypothetical 'Targhee uplift', which
later conveniently sank beneath the eastern Snake River Plain. This hypothesis claimed that a large uplift
just south of the Beaverhead Mountains exposed stratigraphic units down to the Belt Supergroup in Late
Cretaceous time, providing the source for the Divide unit. Post-Eocene subsidence and extensive
volcanism in the eastern Snake River Plain removed all evidence of the Targhee uplift (Love, 1956).
While stratigraphic, structural and geophysical data has since disproven this hypothesis, the source of
the Divide unit remains poorly constrained and largely ignored (Schmitt and Steidtmann, 1990).
Field observations indicate a much younger age than proposed by Ryder and Scholten (1973).
Abundant dacite cobbles contain bipyramidal smoky quartz crystals, a common characteristic of the
Eocene Challis volcanic field (Janecke and Snee, 1993). High in the Divide section, the 4.5 Ma Kilgore Tuff
rests conformably within the gravel deposit (Morgan and McIntosh, 2005). Abundant lithophysae are a
unique characteristic of the Kilgore Tuff, which allow for easy field identification and differentiation from
other tuffs of the ESRP region (Morgan and McIntosh, 2005). Overlying the deposit is the 4.1 Ma Indian
Creek Butte tuff (Morgan and McIntosh, 2005).
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These observations indicate that at least the upper part of the Divide unit has been incorrectly
assigned to the Cretaceous Beaverhead Group. Several questions need to be addressed in order to
identify its origin. Clast sources must be identified and a timeline for deposition must be established.
Once these questions are satisfied interpretations can be formulated regarding post-depositional
deformation within the unit. The expansive and homogenous nature of the Neogene gravel deposit
make it an ideal candidate for studying the complex crustal dynamics at play between the actively
extending terranes of the northern Basin and Range and the eastern Snake River Plain.
The southern Beaverhead Mountains lie within the Cordilleran fold-and-thrust belt, which
formed during the Jurassic through Paleocene Sevier and Laramide orogenies. Following the
compressional phases of the Laramide orogeny, widespread extension characterized the region (Link et
al., 2008). At 17 Ma, Basin and Range extension and northeasterly migration of the Yellowstone volcanic
system began (Pierce and Morgan, 2009). Regional NW-SE directed crustal extension took place in the
Middle Miocene, followed by a hiatus, before initiation of NE-SW directed crustal extension in the later
Neogene (Sears and Fritz, 1998). By roughly 6 Ma, the active caldera was adjacent to the southern
Beaverhead Mountains. The Middle Creek Butte fault strikes roughly N115E, bounding the study area to
the south, and crosscuts the 4.1 Ma Indian Creek Butte Tuff (Link et al., 2008). No river gravel has been
observed on top of the Indian Creek Butte tuff. Movement along the Middle Creek Butte fault lifted the
Divide unit to its present location along the Continental Divide at roughly 2,400-2,800 m. Erosion of its
footwall has exposed the river gravel deposit in numerous deep and steep valleys of the southern
Beaverhead Mountains. The Middle Creek Butte fault projects toward 0.365 Ma volcanic fissures of the
Spencer-High Point trend, suggesting continued movement in the Pleistocene (Kuntz et al., 1992).
A measured section from the basal contact near Paul Reservoir to the Kilgore Tuff along Forest
Service road 323 indicates a thickness of roughly 800 m. An additional ~100 m of gravel overlies the
Kilgore Tuff. This section lies in the half graben, just west of the Miocene normal fault. Given the
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geometry of half graben valleys, this is likely the thickest portion of the deposit. A measured section just
west of I-15 to the Kilgore Tuff, records a thickness of roughly 700 m. A measured section from the basal
contact on the Divide unit east of the Red Conglomerate peaks, to the Middle Creek Butte fault suggests
a thickness of over 2000 m. However, this transect, originally used by Ryder and Scholten (1973), crosses
countless high angle faults that greatly inflate the thickness of the Divide unit. The best estimate for
maximum thickness is thus the roughly 700 m - 800 m measured in the east.
METHODS
I conducted pebble counts to assess compositional changes throughout the Divide deposit. I
catalogued lithologies within 1 m2 plots or 0.25 m2 plots, depending on outcrop size, and classified clasts
as quartzite (feldspathic, orthoquartzite and other), volcanic, carbonate, metamorphic, chert and other.
Key lithologies included quartz-veined black chert, lithic chert arenite, andesite, dacite (containing bipyramidal smoky quartz phenocrysts), Ordovician quartzite (containing pock marks resulting from
incomplete silica cementation), and silicified crinoidal packstone/wackestone assigned to the Scott Peak
Formation. Imbricated cobbles recorded paleoflow direction. A, B and C axis lengths of clasts classified
shape and size distribution. At each outcrop, I measured the length of the C axis of the largest cobble,
recorded the degree of cementation (poorly/well), and classified the matrix with regard to composition,
size, shape and degree of sorting. Due to weak cementation within the deposit and sparsity of outcrops,
not all attributes were measurable at each outcrop. Measurements taken at individual sites (M1-M99)
were grouped into areas (MA-MS). Bedding and fault geometries were measured when possible.
Thin sections of key cobble lithologies, possible bedrock sources, and sandstone lenses within
the deposit were investigated. Radiometric U/Pb dating of zircons was conducted in order to match
possible sources and constrain age. A cobble sample of dacite containing bi-pyramidal smoky quartz
phenocrysts was U-Pb dated in order to assess the hypothesis of post Cretaceous deposition and
constrain source. A cobble of feldspathic quartzite was U-Pb dated to constrain source. Detrital zircon
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grains intermixed with the conglomerate matrix were U-Pb dated to further constrain age and possible
sources. Zircon grains were separated using standard techniques and annealed at 900oC for 60 hours in a
muffle furnace. Grains were mounted in epoxy and polished until their centers were exposed. Zircons
were analyzed by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Technicians
at the Boise State University Isotope Geology Laboratory conducted all lab analyses.
RESULTS
Clast lithologies:
The Divide deposit was found to be a remarkably homogeneous conglomerate, containing local
< 1 m-thick sandstone lenses. Quartzite-cobble conglomerates contain crude beds with highly
imbricated clasts. Armored bedding was often observed. The average clast size of 8.6 cm ± 2.8 cm
indicates a fine cobble-size fraction. Commonly boulders exhibit C axis lengths as great as 68 cm. Slide
blocks with C axis exceeding several meters also occur. Clasts are well-rounded, regardless of lithology.
Shape analysis of 187 cobbles across the deposit revealed a distribution of 50% spheroid, 34% disk, 13%
roller and 3% blade. Pebble counts across the deposit revealed an average composition of 71%
quartzite, 7% volcanics, 7% carbonate, 0% metamorphic, 8% chert and 7% other. Feldspathic quartzites
account for 32% of the total assemblage, orthoquartzites 20%, and other quartzites 18%. Poorly
preserved petrified wood was commonly found. Measurements of 536 imbricated cobble sets revealed
a mean transport direction towards N 22.4 ± 1.3 E (Fig. 4). All areas display this mean vector with the
exception of the easternmost (MA), which displays a mean transport direction of 92.3 ± 14.8 oE of N
(N=13).
Partially silicified crinoidal pack/wackestone clasts displaying disharmonic folds are common
throughout the deposit (Fig. 5). The Middle Canyon and Scott Peak Formations of the Madison Group
are likely sources. An outcrop of the Scott Peak Formation in the hanging wall of the Middle Creek Butte
fault in Middle Creek displays similar disharmonic folds of alternating bands of chert and carbonate in
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hand sample and thin section (Fig. 5). The outcrop of the Scott Peak Formation lies within alluvium and
below the 4.1 Ma Indian Creek Butte tuff. This spatial relationship suggests that the outcrop marks an
erosional surface which is overlain by gravel of the Divide deposit. At the same outcrop, minor amounts
of black chert with quartz veins were found. This clast lithology in the Divide unit was previously thought
to be exotic to the region, with the most likely source being the Valmy Formation of Nevada (Sears et al.,
2014). This outcrop identifies the Middle Canyon and Scott Peak Formation as the most suitable sources
and provides a local source for some quartz-veined black chert clasts within the gravel deposit.
Several large slide blocks of orthoquartzite and carbonate were found throughout the deposit.
The slide blocks form a tight ESE/WNW trend across the map area. The slide blocks occur above and
below the Kilgore Tuff, in various stratigraphic positions. Contoured measurements of the maximum
observed C axis (long axis) lengths of each outcrop correlate with the slide block distribution, with
highest values oriented to the NW-SE (Fig. 3). Slide blocks of quartzite match the Cambrian Flathead and
the Ordovician Kinnikinic formations, which occur just west of the field site (Ryder and Scholten, 1973).
No slide blocks of the Proterozoic Belt Supergroup lithologies were observed. Contoured maximum clast
measurements and distribution of slide blocks shows westerly provenance. Occurrence throughout the
stratigraphic column shows that mass wasting events (possibly rockslides) were characteristic of this
deposit, occupying a consistent spatial domain. Average clast size loosely correlates with this trend.
The apparent debris path, highlighted by slide block distribution and contoured clast size
measurements, appears to occupy a fixed band through time and splits compositional data into two
categories: slide influenced and non-slide influenced. This classification allows for separate investigation
of the two drastically different transport mechanisms; along-channel fluvial transport versus
gravitational transport from the west. Clast-composition plots demonstrate spatial and temporal trends.
Composition data derived from individual outcrops was averaged when outcrops were in high proximity
(less than a few hundred meters) and of similar stratigraphic position. These average compositions were
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plotted with respect to longitudinal and latitudinal position to assess spatial trends in composition.
Compositions were also plotted against relative age, as interpreted by position in the stratigraphic
column, to assess temporal trends.
Longitudinal trends were identified within the slide influenced sites (Fig. 6). A strong decrease
from W to E was found for the “other” category. Throughout this study, the other category was almost
entirely comprised of siliciclastic sedimentary rocks, hence it will be referred to as “sedimentary” rather
than “other”. Sedimentary percentages decrease from 30% to 0% from W to E in slide influenced sites
with a loose best fit (R2 = 0.51). This decreasing trend is compensated by quartzite-clasts which increase
from W to E to a varying degree, best defined for the feldspathic quartzite-clast category (R2 = 0.50).
Volcanic clast percentages also increase strongly to the east (R2 = 0.63). Carbonate clasts spike in the
west, in basal carbonate conglomerates. No trend in chert-clast occurrence was found.
Along-channel trends in non-slide influenced sites show a minor downstream (to the NE)
increase from roughly 3% to 7% in volcanic clasts (R2 = 0.35) (Fig. 7). Carbonate clasts also increase
downstream, from roughly 3% to 8% (R2 = 0.40). A surprising W to E cross-sectional trend occurs for
orthoquartzite clasts, from ~ 10% to ~ 20% (R2 = 0.37) (Fig. 8). No other lithologies, including the
dominant feldpathic quartzites, display a strong trend complimentary to this.
To address temporal trends, sites were arranged in descending relative age, based on observed
stratigraphic relationships. A high degree of uncertainty exists for these relative age relations. It is
assumed that sites in the footwall of the syndepositional normal fault predate all syntectonic deposits
within the half graben. In the plots, this boundary has been plotted in order to address changes between
these two distinct facies.
In slide influenced sites, abundance of volcanics displays a slight bimodal and positive trend (Fig.
9). Volcanics suddenly disappear in the base of the syntectonic deposit before increasing in a welldefined trend (R2 = 0.84). Values range from 0 to ~ 6 %. Carbonates also display a bimodal trend, with a
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spike in the basal sytectonic unit, which quickly falls towards 0%. A logarithmic best fit suits the
syntectonic data points (R2 = 0.60). The oldest data point reflects an error in the classification scheme.
Partially-silicified crinoidal packstone/wackestone clasts were initially included the carbonate category,
but were classified as chert throughout the rest of the study. Sedimentary clast abundance shows a
bimodal distribution as well. They are initially absent, but spike in the basal syntectonic deposit. The
trend then falls from 30% to 5% and approaches an asymptote. A logarithmic best fit classifies this trend
(R2 = 0.62).
In non-slide influenced sites, feldspathic quartzite abundance falls from ~ 40 % to ~ 15 %
approaching an asymptote (Fig. 10). A tight logarithmic best fit classifies the trend, with no apparent
break after activation of the half graben within which sedimentation occurred (R2 = 0.50). Due to the
fact that feldspathic quartzites are the dominant lithology, this may also be viewed as a logarithmic
increase in diversity which reaches an asymptote. Sedimentary abundance declines slightly up section
from < 10 % to nearly absent (R2 = 0.36). This trend is continuous across the fault as well.
Matrix lithology:
Thin sections of key lithologies and the interstitial sandstone matrix were analyzed. Matrix
samples were taken from pre-fault and syntectonic deposits (M1 and M14, M16, M97, M88
respectively) (Fig 11). Sample M88 represents the matrix of the basal limestone conglomerate. This is
likely a lithosome to the deposit at M93, which contains a cliff-forming exposure several hundred feet
thick. The fluvial gravel at M93 grades upward from quartzite-clast to limestone-clast dominated. The
unit is slightly folded into a syncline with a plunge of 10o to the SE. This fold represents the only visible
fold of this study. This structure may be part of the Laramide orogeny, predating the main body of the
Divide unit. The basal limestone conglomerate (M88) contains sub-angular to sub-rounded quartz grains
of the fine sand size fraction (Fig. 15). This arenite sample is the most compositionally and texturally
mature of the study, consisting of tightly packed quartz sand grains in calcite cement. Moving up
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section, M97 is a transitional conglomerate, containing both quartzite and carbonate cobbles. Sample
M97 contains sub-rounded fine sand sized quartz grains in calcite cement. The sample is well sorted in
size and shape. It contains minor inter-grown feldspar and quartz grains with graphic texture and little to
no chert or carbonate lithics. Farther up-section, M1 (within the footwall of the fault) consists of
medium sand grains of angular feldspar and quartz with a calcite cement (Fig. 15). Grains are poorly
sorted and compositionally and texturally immature. Grains of sedimentary chert, sedimentary lithics,
graphic granite and quartz veined chert are present. Highest in the section (M14 and M16), angular
grains of the fine sand size fraction dominate. Sub-rounded quartz and angular grains of feldspar with
graphic texture, carbonate lithics, volcanic lithics and chert are common. Graphic feldspar grains are
common within dacitic cobbles containing bi-pyramidal smoky quartz crystals. This texture is also
common in the neighboring Idaho Batholith and Challis volcanic field (Janecke and Snee, 1993). In the
outcrop, degraded, white petrified wood of likely Eocene age is common. Samples M1, M14 and M16
are drastically less mature than samples M88 and M97.
U-Pb dating of zircon:
Radiometric dating (U/Pb zircon) of a dacite cobble containing bi-pyramidal smoky quartz
crystals (M69; N = 8) revealed an eruptive age of 98.3 ± 1.7 Ma. Fluid inclusions of elongate and
colorless apatite limited the sample size to 8 grains. The same sample contains high total rare earth
element (ΣREE) concentrations (1000-6000 ppm) and large Eu anomalies (Eu/Eu* = 0.1). Cathode
luminescence images, consistent chemical compositions and concordant dates suggest zircons are not
inherited.
Matrix sand grains sampled from Paul Reservoir (PRMX1; N = 84) revealed ages ranging from
3357 ± 24 Ma to 83 ± 5 Ma (Fig. 12). Largest peaks are at ~ 100, 1110, 1800, and 2600 Ma. The 24
youngest dates (29 %) are Cretaceous in age (104 ± 5 to 83 ± 5 Ma).
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Detrital zircons from a feldspathic quartzite cobble within an outcrop at Paul Reservoir (PRF1; N
= 28) revealed dates ranging from 3325 ± 24 Ma to 1303 ± 65 Ma (Fig. 13). Two zircons postdate the
1.45 Ga Belt basin within uncertainty (1303 ± 65 Ma, 1314 ± 49 Ma) and a third straddles the boundary
within uncertainty (1399 ± 79 Ma)(Ross and Villeneuve, 2003). 17 grains (61 %) correspond to
Paleoproterozoic peak between 1600-1900 Ma. Another strong peak occurs (7 grains, 25 %) around the
Archean/Proterozoic boundary around 2500 Ma.
DISCUSSION
Justification of categorizing compositional data:
Compositional data was split into the categories of “slide influenced” and “non-slide influenced”
on the basis of several observations which highlight mass wasting events and fluvial transport as the two
dominant sediment transport mechanisms. Distribution of slide blocks and contoured clast
measurements reveal that addition of local lithologies to the river channel persisted through
stratigraphic time and occupied a discrete area. Bedding geometry and sub-perpendicular joint sets
support the hypothesis of syntectonic deposition in an actively subsiding half-graben of likely MidMiocene age. Imbrication measurements suggest a mean flow towards N 22.4 E ± 1.3, coincident with
strike of the Miocene normal fault, suggesting that half-graben geometry controlled the flow direction.
The interpretation of gravitational addition of material from high topography in the west and deposition
in a subsiding NNE striking normal fault, was the justification for splitting compositional data into two
distinct categories of “slide influenced” and “non-slide influenced”.
Without this delineation no trends are observed, with associated R2 values averaging 0.08 and
not exceeding 0.28. With this split of the data spatial and temporal trends become observable but slight
with associated R2 values averaging 0.20 and reaching a maximum of 0.63. It is important to note that
such trends still remain poorly defined and it could be argued that the associated increase in R2 values
could merely reflect a reduction in sample size. Such low R2 values illustrate the highly variable nature of
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the deposit. For this reason only general trends can be suggested. Interpretations gathered from such
compositional trend must be strongly supported by field observations and more reliable data sets.
Slide-influenced sites:
Slight E/W trends are observed within the slide-influenced sites, while N/S trends were not.
Slide blocks and contoured clast measurements strongly suggest sediment input from the west during
mass wasting events, which likely highlights a regional trend of mass wasting events given the
immaturity of observed sand grains throughout the deposit. For these reasons along-channel variations
in composition are not expected to dominate within slide influenced sites. A trend favoring abundance
of sedimentary clasts in the west was observed. Being the dominant lithology, quartzite responds to this
trend, evident as a westward decrease in abundance. Presence of orthoquartzite slide blocks suggests a
proximal western source yet a decrease in abundance to the west is observed, suggesting that
orthoquartzite is not a simple first cycle sediment. Throughout the deposit quartzite is most abundant,
with the exception of a few basal deposits. Therefore, trends in quartzite abundance are attributed to
compensation for other declining trends in lithologies, unless the quartzite trend was anomalous. It is
important to note that while sparse outcrops of Belt Supergroup occur roughly 15 km to the west, no
evidence of gravitational transportation of Belt blocks was found and while some feldspathic boulders
were observed all clasts were well rounded. Abundance of volcanic cobbles also increases to the east,
suggesting that mass wasting events added little to no volcanic material to the river channel. The spike
in carbonates occurs within the basal transitional conglomerate, thus providing little insight to source
although a proximal source to the immediate west is most obvious and consistent with observations.
Thin sections show an abundance of lithics derived from carbonates, while at the outcrop scale low
occurrences of carbonate clasts are observed. Given the abundance of carbonates in the region, it is
likely a major sediment input to the system but is quickly weathered away before lithification. The E/W
trends in slide-influenced deposits suggest that siliclastic, carbonate, and orthoquartzite lithologies were
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proximally sourced from the west through mass-wasting events, while feldspathic quartzite and volcanic
lithologies were not. This interpretation is consistent with field observations and local bedrock geology.
Non-slide-influenced sites:
For non-slide influenced sites, NE-oriented along-channel trends are apparent but are slight. A
weak and minimal downstream (to NE) increase is observed for volcanic and sedimentary cobbles. This
may highlight constant addition to the channel, which would slowly increase abundance downstream.
An eastward increase in orthoquartzites is accommodated by a westward decrease in other lithologies.
This trend was carefully examined and could not be discounted. This may highlight addition of
orthoquartzite from an eastern tributary. More likely, it may reflect recycling of clasts of the Beaverhead
Group, which forms the basal contact to the deposit in the west but is absent in the east. In the east, the
deposit rests on cretaceous shales, which underlie the Beaverhead. This relationship seems to suggest
that increased incision in the half graben axis has eroded through the Beaverhead, reincorporating
quartzite clasts into the system.
Cobbles are commonly well-rounded and irregular in shape, resembling half-cobbles, suggesting
reworking of previously deposited stream rounded cobbles. Many samples display percussion marks,
with a less common occurrence on faces which appear to be fracture planes. Quartzite clasts are
abundant to the east of the study areas, in the Harebell and Pinyon formations of NW Wyoming
(Lindsey, 1972). Recycled quartzite clasts have been found within a Pliocene river gravel deposit on
Signal Mountain in Jackson Hole (Parker, 2015). Several stratigraphic relationships in the area suggest
reworking of the Harebell and Pinyon since the Late Cretaceous (Love et al., 1992; Lindsey, 1972). It is
possible that reworking of such a deposit to the east could explain the observable trend in abundance of
quartzite clasts. Local reworking of the Beaverhead is more plausible, however investigations into the
relationship to the Pinyon and Harebell formations deserves consideration and further attention.
Assessing temporal trends in composition:
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Temporal trends are difficult to assess due to the sparse nature of outcrops and the lack of time
markers within much of the Divide unit. Sites were ranked in ascending relative age in order to
investigate changes through time. Simple bed geometry within the syntectonic deposit allows for fairly
reliable ranking of age. However, the pre-fault and basal conglomerates are difficult to assess due to the
lack of any visible field relationships. The basal conglomerate appears to conformably underlie the
syntectonic deposit, showing no change in bed geometry between the two. It is inferred that the basal
conglomerate marks the initial deposition in the subsiding half-graben, and thereby younger than the
pre-faulted deposit. Given the lack of evidence needed to properly assess this critical age relation, data
points of the basal conglomerate (M98, M98 low and M96) could be viewed as being younger or older
than pre-fault data points (M3, M6 and M23). Interpretations were made with this uncertainty in mind.
It is also important to note that the x-axis is not to scale, therefore the rate of change (slope) of any
compositional trend cannot be identified. With this consideration in mind, these trends should be
viewed with skepticism as the fit and slope are indeterminable. Best fit lines were used to visually
identify broad trends, but it should be kept in mind that the habit of such trends are indistinguishable
due to lack of scale about the x-axis.
Temporal trends of slide-influenced sites:
A bimodal trend in abundance of volcanic cobbles among slide-influenced sites shows higher
values in the pre-faulted deposit and lower values in the syntectonic deposit which may increase
through time thereafter. The majority of volcanic cobbles were dacitic, containing bi-pyramidal smoky
quartz crystals, which were dated at 98.3 ± 1.7 Ma. This result is inconsistent with the hypothesis of a
Challis source, as is the detrital zircon sample of sand grains within the matrix (PRMX1). An increase to
the east is also observable for volcanic cobbles in slide-influenced locations (R2 = 0.63). This spatial trend
is likely the dominant trend due to the uncertainty associated with temporal plots. A similar trend is
observed in carbonate abundance through time. A spike occurs in the basal limestone conglomerate,
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and values are low elsewhere. The data point M6 reflects an early flaw in the classification scheme and
was therefore discounted. This trend shows that the basal conglomerate is extremely enriched in
carbonates. More information is needed in order to determine if this trend is the result of adjacent high
topography which provides sediment through mass wasting events, or a change in depositional
environment at the base. The same trend is observable for siliciclastic sedimentary lithologies, which are
absent prior to activation of the fault and are most abundant immediately after. In each case the
strength of such temporal trends is difficult to assess. Regardless, this data along with field observations
agrees with the interpretation that carbonate and siliciclastic sedimentary material is primarily sourced
to the immediate west and was transported in mass wasting event which are related to activation of the
syndepositional half graben. Volcanic material is not a first cycle sediment sourced from the proximal
west.
Temporal trends in non-slide influenced sites and source of feldspathic quartzite:
In non-slide influenced sites, a decrease (from ~40% to ~ 15%) in feldspathic quartzite clasts is
observable through time. Feldspathic quartzite clasts also decrease in abundance to the west, as gravity
slides add diversity to the deposit. The temporal trend in non-slide sites is not easily explained spatially.
This likely highlights either a decrease in total feldspathic quartzite clast content, or an increase in
diversity over time. Burial and erosion cycles render feldspathic quartzites clasts unstable and readily
weatherable due to feldspar hydrolysis in groundwater. It is possible that preexisting feldspathic
quartzite cobbles were exhumed, re-transported and gradually weathered out of the system. However,
a first cycle Belt Supergroup source cannot be satisfied. Preliminary LA-ICPMS results of sample PRF1
match the Brigham Group while the presence of the three youngest grains (1303 ± 65 Ma, 1314 ± 49 Ma,
1399 ± 79 Ma) lie outside of the typical minimum age extent of the Belt Supergroup. While it could be
argued that such grains could hosted within the Belt, as grains of ~1370 Ma have rarely been
documented within the belt (

), this peak is slight to absent in Belt signatures. In a sample of this
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size, the probability of three grains of such ages is extremely low. With these observations in mind, a
Brigham Group source is favored over a Belt Supergroup source. Field observations are consistent with
the interpretation of at least a partial Brigham Group source of cobbles. The Brigham Group occurs
nearly 200 km to the south, beyond the eastern Snake River Plain. The decrease of feldspathic quartzite
clasts through time may record termination of the southern provenance of the fluvial system due to
uplift across the eastern Snake River Plain. The asymptote of ~ 15 % may represent the abundance of
locally reworked Belt Supergroup clasts, recycled from the Beaverhead Group. The decrease from ~ 40 %
to ~ 15 % may reflect the loss of the Brigham Group source. This interpretation supports tectonic
alteration of the long-lived and major drainage that deposited the Divide unit, and suggests that longdistance transportation of Brigham clasts provided a considerable amount of coarse sediment.
Constraining age and source using feldspathic quartzite:
Compositional data suggests that feldspathic quartzite was not added to the stream channel
through mass-wasting events. The feldspathic quartzite cobble from Paul Reservoir may constrain
source and time of deposition (Fig. 13). The two likely sources for this lithology are the Belt Supergroup
and the Brigham Group. Most noticeably, two grains slightly post-date the Belt Supergroup (1314 ± 49
Ma; 1303 ± 65 Ma). A third grain straddles the end of deposition in the Belt Basin (1399 ± 79 Ma). As
mentioned previously, it could be argued that this lies within the measured age range of the Belt
although such an age range is only rarely observed. Grains around 1.45 Ga are common within the Belt
Supergroup, less so in the upper Belt which includes the Lemhi sub basin (Jones et al., 2015; Ross and
Villenevue, 2003). Only one grain satisfies this peak (1399 ± 79 Ma). The largest peak falls within 1600
Ma -1900 Ma, containing 17 grains (61 %). This peak is correlative with the Yavapai Mazatzal, which is a
shared Laurentian source to the upper Belt and the Brigham (Jones et al., 2015; Yonkee et al., 2014).
While sample size is small (N = 28), a Belt Supergroup source is not favored by the two youngest grains,
while a Brigham Group source satisfies the observed peaks (Yonkee et al., 2014). Detrital signatures of
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the Brigham Group typically contain a major peak corresponding to the 1600 Ma -1800 Ma YavapaiMazatzal Province, which often dominates (Yonkee et al., 2014). The presence of young ~ 1300 Ma
grains, near lack of ~1450 Ma grains, and dominant peak corresponding to the Yavapai-Mazatzal
Province match the Brigham Group (Fig 14).The absence of argillite clasts, which are common within the
Belt Supergroup but generally less durable, is consistent with a Brigham Group source or a recycled Belt
Supergroup Source. The cobble analyzed was well rounded and roughly 10 cm in diameter. The nearest
Brigham Group source occurs beneath the Miocene Bannock Detachment in the Pocatello area, ~ 200
km upstream (Carney and Janecke, 2005). Evidence of transport of this magnitude supports the
hypothesis of long distance transport of coarse clasts. A Brigham Group source constrains time of
deposition to the Miocene, when the group was exposed beneath the Bannock detachment (Carney and
Janecke, 2005).
The large quantities of feldspathic quartzite add further constraints on source. Feldspathic
quartzite is also the dominant lithology within the Kidd Quartzite conglomerate unit of the Beaverhead
Group, which has been successfully dated to the late Cretaceous (Ryder and Scholten, 1973). The Kidd is
comparable to the Divide deposit in quartzite abundance. Although the abundance of feldspathic
quartzite in the Kidd was not measured, it likely is comparable to the Divide. The extent of the Divide
and Kidd are comparable, while the Divide exceeds the thickness of the Kidd (Ryder and Scholten, 1973).
Given the weatherability of feldspathic quartzite clasts that have experienced multiple
burial/exhumation cycles, it would be expected that such reworking would noticeably reduce the overall
volume of material. Such a decrease in abundance within the Divide as compared to the Kidd is not
observed. This observation further supports a first cycle Brigham Group source. While a Brigham Group
source is hypothesized, reworking of Belt clasts cannot be discounted. Given the basal contact
relationship of the Divide deposit, the Beaverhead Group has likely provided reworked material,
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including clasts of Belt. However, the results of this study do not support such recycling as being the
primary or sole source of feldspathic quartzite.
Progressive recycling of Laramide conglomerates:
Large feldspathic quartzite boulders within the Divide deposit are likely sourced from the Belt
Supergroup, reworked from proximal conglomerates of the basal Beaverhead Group. Orthoquartzite
was also added to the channel, at least in part, through slide blocks from bedrock sources to the
immediate west. Reworked clasts from the basal Beaverhead Group likely also provided orthoquartzite
and possible volcanic clasts to the channel. High topography in the west also added siliciclastics and
carbonates to the channel. These highly weatherable lithologies were quickly removed from the
competent, quartzite cobble dominated system.
These relationships suggest a long history of progressive recycling punctuated by progressive
tectonic pulses. Initial thrusting during the Laramide orogeny transported large volumes of coarse
quartzite sediment to the east. These alluvial fans achieved incredible thickness and extended far
beyond the thrust belt (Lindsey, 1972). Competent rivers flowing to the east distributed resistant
quartzite cobbles to what would become the Harebell and Pinyon Formations, among others (Lindsey,
1972). This widespread dispersal set the stage for subsequent recycling of resistant quartzite clasts. As
the Laramide orogeny waned, broad erosional plains developed until extension in the Late Eocene
initiated large volcanic systems such as the Challis volcanic field (Link et al., 2008; Janecke and Snee,
1993). Minor extension in the Oligocene likely transported and recycled coarse conglomerates over
broad arid planes (Janecke and Snee, 1993). Basin and Range extension initiated around 17 Ma,
providing large volumes of coarse sediment and transporting material far to the north within active
grabens. Basin and Range extension has dominated the western US since the Miocene, with pulses of
extension rerouting drainages and recycling previous fill.
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These relationships between recycling and tectonic activity are evident at the field site. To the
immediate west towers the folded and oxidized Beaverhead Group. The alluvial deposits of the
Beaverhead Group achieve great thicknesses (up to ~ 2000 m) in the southern Beaverhead Mountains
(Ryder and Scholten, 1973). On top of the Beaverhead Group, separated by a major sequence boundary,
lies an extensive river gravel deposit, assigned to the Divide unit (Ryder and Scholten, 1973). The deposit
is well cemented and slightly folded, grading up section from quartzite- to limestone-rich. This deposit
also contains the dated dacite cobbles, bracketing age at < 98 Ma. While this deposit was not
investigated thoroughly, folded strata suggests it was affected by the Laramide orogeny. At the western
boundary of the Divide deposit, a well-cemented limestone conglomerate with highly mature sandstone
lenses marks the base. This sequence, from the Beaverhead Group up to the basal limestone
conglomerate, highlights a hiatus after the Laramide orogeny, which allowed for progressive reworking
to remove immature sediment. The oldest sites of the deposit, pre-fault and transitional conglomerates
stratigraphically above the basal limestone conglomerate, show a sudden and drastic decrease in
maturity corresponding with addition of new sources (Fig. 15). Graphic feldspar grains suddenly become
apparent, perhaps showing sedimentation from the exhumed Idaho Batholith. Samples of M97
(transitional conglomerate) and M1 (pre-fault) both contain these grains, to similar degrees of maturity.
The apparent gradation from the basal limestone conglomerate with highly mature sandstone lenses
into a quartzite conglomerate with immature sandstone lenses likely highlights addition of new sources
which mark the onset of a tectonic pulse. A NNE-striking normal fault became activated after onset of
deposition, coinciding with lithification of the oldest units, uplifting units in the footwall to their present
location. Units within the footwall are no more lithified than the overlying parts of the deposit, yet
evidence of a normal fault is visible. Minimal lithification appears to have occurred before faulting,
suggesting pre and post fault deposits are comparable. However, after onset of faulting, the coarse clast
composition became highly diverse. This is interpreted as coinciding with the onset of addition of
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proximal locations through large mass-wasting events. The river system seemed to have been well
established prior to movement on this fault, with more mature sediment being transported from more
distal sources such as the Bannock Detachment. Initiation of movement on the west-dipping normal
fault resulted in mass wasting events from the actively uplifting high topography to the immediate west.
The compositional trends observed and the absence of an un-roofing sequence imply that a majority of
the coarse clastic material was recycled from previous gravels or transported great distances rather than
being sourced from mass wasting events from the west. Matrix composition shows dominance of chert,
carbonate and siliclastic grains sourced from the immediate west. Presence of the Scott Peak Formation
and quartz-veined black chert predates activation of the half graben. A prominent outcrop of the Scott
Peak Formation was found within the river valley showing that while recycling dominated, first cycle
sedimentation was not limited to gravity slides from the west.
In regards to regional tectonics, the transition between the mature basal conglomerate (M88)
and the immature gravel deposit (M1, M97, M14, M16) likely highlights onset of extensional Basin and
Range deformation in the region. This onset of active faulting added volumes of immature material from
bedrock sources in uplifting footwalls far to the south. Presence of other western assemblages that were
not shown to be added to the system through mass wasting events were previously transported
eastward and then recycled.
Provenance of the Divide unit fluvial deposits:
Cobble sources can all be satisfied within the stratigraphy of central Idaho but require multiple
stages of transport (Janecke and Snee, 1993). Exotic cobbles, such as the lithic chert arenite, quartzveined black chert and feldspathic quartzite have suitable sources in the southern Basin and Range as
well that can be satisfied with first cycle sedimentation (Sears et al., 2014). A local source of black chert
with quartz veins was found along the paleochannel, bounding the Scott Peak Formation. Lithic chert
arenite cobbles match the Diamond Peak Formation of Nevada and the Copper Basin Group of Idaho
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(Brew and Gordon, 1971; Link et al., 1996). The Copper Basin Group occurs roughly 150 km to the SW.
Thin section analysis did not reveal a tight correlation between cobbles of the field site and the Diamond
Peak Formation. The Copper Basin Group is the closest, and therefore most likely source although it is
poorly constrained. Both suitable sources of lithic chert arenite lie a considerable distance from the field
site (> 150 km) yet cobbles greater than 10 cm were observed within the deposit. While transport of
large feldspathic quartzites is contentious, distribution of lithic chert arenites necessitates long distance
transport of large cobbles. Within the deposit, clasts of orthoquartzite containing small red specks were
fairly common (Ryder and Scholten, 1973). These cobbles contain deep pock marks, resulting from rapid
weathering of calcite cemented zones which occur irregularly within the quartzite. This feature is
characteristic of Ordovician orthoquartzites such as the Kinnikinic Quartzite in Idaho, the Swan Peak
Quartzite in central/southeastern Idaho and the Eureka Quartzite, which is found across much of the
Great Basin and extends into SE Idaho (McBride, 2012). Photographs and documentations of these
distinct red spots were found in several reports regarding the Eureka Quartzite (McBride, 2012; Reber,
1952). They have also been observed in the Swan Peak (Paul Link, personal communication). However,
no mentions to this texture were found in reference to the Kinnikinic. Thus, the possibility of long
distance transport from the Eureka and Swan Peak Formations (~ 250 km to the south) cannot be ruled
out. It is important to note that this distinct lithology was found by the author during reconnaissance on
Mt. Leidy within the Gros Ventre Range and within a deposit 4.5 Ma -2 Ma river gravel on Signal
Mountain. Both of these locations are within Jackson Hole, Wyoming roughly 180 km SE of the Divide
deposit. The associated deposits are mapped as the Late Cretaceous-Paleocene Pinyon and as Pliocene
glacial till (Love et al., 1992). The “glacial till” deposit contained no observable clay or silt sized grains,
only sand and well sorted and rounded quartzite cobbles. These two occurrences highlight the long
transport distances that can be achieved by resistant quartzite clasts, considering that the Eureka/Swan
Peak and Brigham Group are possible sources.
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Speculation on southern extent of paleodrainage:
Matrix composition offers support for the north-flowing Paleogene Colorado River hypothesis of
Sears (2013). If a long lived, continental-scale drainage was responsible for deposition of the Divide unit,
a distinct detrital zircon signature should exist. Extensive geochronological studies have been conducted
for the Snake River Plain (Link et al., 2005). Detrital zircons within modern Medicine Lodge Creek of
Idaho provide strong evidence for the Colorado River hypothesis, which proposes a major river drainage
which flowed through SW Montana was linked to the early Grand Canyon (Sears, 2013). Medicine Lodge
Creek drains the Divide deposit, among other lithologies. Within the age signature of the Medicine
Lodge Creek sands, several anomalies are present, including a Middle Miocene aged grain (Fig. 13). This
has previously been attributed to the Yellowstone hotspot system, which spans from 17 Ma – present
(Link et al., 2005). Other distinct spikes are present around 500 Ma and 1000 Ma, corresponding to
grains of the Antler and Grenville Orogeny. Also observable are spikes attributed to the Idaho Batholith
and the Challis volcanics. The Antler and recycled Grenville grains are not common throughout the
region, but are occasionally observed, typically around central and SE Idaho (Link et al., 2005). Mid
Miocene grains are present to the SW but were only observed at 4 sites (~ 15 %) within the upper ESRP;
Crooked Creek, Medicine Lodge Creek and Beaver Creek, all of which drain the Divide deposit. The
ancestral (Pleistocene) Henry’s Fork also contained a Mid Miocene aged grain but it is unclear whether
this Pleistocene drainage reached the Divide deposit. When the modern Medicine Lodge Creek detrital
signature is compared with the signature taken from the Pliocene Medicine Lodge (3.0-2.5 Ma), the
distinct signatures of the Mid Miocene, Antler, and recycled Grenville are all absent in the Pliocene.
Idaho Batholith and Belt Supergroup/ Brigham Group signatures persist. These sources (with the
exclusion of the Brigham) have been identified in the Medicine Lodge beds themselves, which were
exposed in Pliocene time (Stroup et al., 2008). Evidence from this study suggests the Divide deposit was
uplifted and exhumed around 0.365 Ma (Kuntz et al., 1992). Therefore, the Pliocene (3.0 – 2.5 Ma)
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Medicine Lodge drainage received no sediment input from the Divide deposit. This suggests that the
unique signatures of the Mid Miocene, Antler, and recycled Grenville appear to be unique to the Divide
deposit, explaining the limited spatial extent of Mid Miocene grains and the temporal change in
signature from the Pliocene to the modern Medicine Lodge Creek.
Mid Miocene grains, unique to the Divide deposit, may constrain age and source of the
depositional system. Mid Miocene age grains dominate in northern Nevada, where extensive
ignimbrites characterized the Miocene (Link et al., 2005). Such extensive Miocene volcanics are scarce in
Idaho, with the exception of the early Yellowstone eruptions. A northern Nevada source is consistent
with paleoflow, structural geometry and age interpretations within the Divide unit. Antler-aged grains
occur to the west along the Antler fold-and-thrust belt in central Idaho and in the Great Basin (Link et
al., 2005). Antler-aged grains are not present within the Medicine Lodge Beds, which display the best
evidence of easterly transport in the Oligocene (Stroup et al., 2008). This evidence supports a Great
Basin source, consistent with observations of the field site. Recycled Grenville grains are also present in
central Idaho, although this trend is once again not observed in the Medicine Lodge Beds (Stroup et al.,
2008). The Brigham Group contains peaks of 1.2-1.0 Ga, corresponding with the Grenville, as well as 1.31.5 Ga and 2.7-2.6 Ga (Keeley et al., 2009). These unique peaks are all present within the modern
Medicine Lodge Creek, but not the Pliocene Medicine Lodge Creek sediment (Link et al., 2005). This
makes the Brigham Group a strong source candidate for the Divide deposit (Keeley et al., 2009). These
temporal and spatial trends are consistent with the Colorado River hypothesis, and support a linkage
between the Divide deposit and the Great Basin in the Middle Miocene (Sears, 2013).
Within the matrix sample taken from Paul Reservoir (PRMX1), a major spike occurs around 100
Ma (Fig. 12). Detrital grains ranging from 104 ± 5.3 Ma – 83 ± 4.8 Ma account for 29 % of the total
population (N = 84). No grains younger than Late Cretaceous were identified. The Divide deposit sits on
the Late Cretaceous Aspen shale near Paul Reservoir. A local tuff of Late Cretaceous age occurs just
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below the contact. Ash and tuff layers of ~ 98 Ma have been identified in the Mowry, Aspen and
Blackleaf shale (Mudge and Sheppard, 1968; Rothfuss et al., 2012; Scott, 2007). Detrital zircon dating
within the modern Upper Snake River drainage and the Oligocene Renova Formation locally sourced
from the Blackleaf shale show a strong peak around 100 Ma (Link et al., 2005; Stroup et al., 2008). This
relationship shows that reworking of tuffaceous shale of the Late Cretaceous flooded local sediment
with Late Cretaceous-aged grains. In the Divide unit, Late Cretaceous grains are attributed to recycling of
the basal Aspen shale. This fluvial system shows no connection to the Idaho batholith or Challis
volcanics.
The detrital signature of matrix-derived zircons shows several other prominent peaks (Fig. 12).
An observed Jurassic peak (2 grains) is unique to the ESRP (Link et al., 2005). Jurassic intrusions of
northern Nevada are the largest single point source in the region (Miller and Hoisch, 1995; Link et al.,
2005). Probability curves from northern Nevada show that only Miocene and Jurassic grains are
common (Link et al., 2005). Paleoflow data is consistent with interpretation of a northern Nevada
source. It is important to recognize that the Cypress Hill and Wood Mountain Formations of southern
Alberta have been hypothesized as being analougous to the Renova and Sixmile Creek Formation (Sears,
2013; Leier et al., 2016). Within these analogous gravels, Jurassic grains are also observed (Leier et al.,
2016). While detrital zircon analyses of these deposits contain larger sample sizes, the distribution and
intensity of peaks is comparable to results of this study (Leier et al., 2016). Other observed peaks (12
grains) correspond with the Antler and Grenville orogenies. Grains of these ages are fairly sporadic
across the ESRP, generally sourced along the Cordilleran fold-and-thrust belt, which locally occurs to the
W and SW of the field site (Link et al., 2005). Two Neoproterozoic grains are observed within the matrix.
The nearest point sources occur in the Pioneer Core Complex of Central Idaho and within the Brigham
Group near Pocatello (Yonkee et al., 2014; Link et al., 2005). The Miocene Bannock detachment exposes
large volumes of Brigham Group and is consistent with paleoflow (Carney and Janecke, 2005). Recycling
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from the Pioneer Core Complex is also possible, but less likely. Mesoproterozoic peaks (32 grains) likely
correspond to the local Belt Supergroup, but can also be satisfied by the Brigham Group (Ross and
Villeneuve, 2003; Yonkee et al., 2014). Archean grains (3) are also observed, likely derived from the
Wyoming Province which becomes more common to the southeast, particularly in the Upper Snake
River drainage, but are also present in many quartzites across the ESRP (Link et al., 2005). These
observations are largely speculative given the small populations at hand. The mere existence of such
grains is the basis of such source constraints. It should be emphasized that while these data sets are
small, they are consistent with several lines of field observations. The presence of only a few grains of
the mentioned age ranges illustrates that will such sources must exist, they represent only minor
contributions of sediment and are therefore inherently difficult to assess.
Preliminary constraints on maximum age:
The detrital matrix sample (PRMX1) contains no Cenozoic aged grains. The comparable data set
of Leier et al., (2016) also displays a sparse to absent Cenozoic population in analogous beds of gravel
which have been successfully dated to Oliocene-Miocene). Data of Link et al. (2005) suggests that
Miocene grains are unique to the Divide deposit as was discussed previously. The oldest Miocene grain
sampled from the Divide drainage was ~ 18 Ma (Link et al., 2005). Most grains were Mid Miocene in age,
around 10 Ma (Link et al., 2005). The analyzed sample at Paul Reservoir occurs very low in the section
and is dominated by Cretaceous-aged grains, locally recycled from the basal Aspen Shale. The base of
the gravel deposit may predate extensive volcanism in the southern Basin and Range. The probability of
Miocene aged grains may also be increasingly low near the basal contact where Cretaceous grains
dominate. Unique lithologies such as disharmonically folded crinoidal packstone/wackestones of the
Scott Peak and Middle Canyon Formations can be found to the northeast within the Miocene-Pliocene
Sixmile Creek Formation of the Bozeman Group (Sears et al., 2009). Numerous volcanic time markers
constrain age to Miocene within the Sixmile Creek (Sears et al., 2009). Detrital signatures of the Sixmile
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Creek show similar probability peaks with a near absence of grains between ~15 Ma and 300 Ma
suggesting that Paleogene sources, such as the Challis, are not tightly linked to this fluvial system
(Stroup et al., 2008). Similar results were found in the Oligocene Renova formation, but locally the
Blackleaf Formation adds Cretaceous zircons to the system (Stroup et al., 2008). Therefore, while the
observed absence of Tertiary grains in the analyzed matrix sample of the Divide deposit may suggest
that deposition preceded extensive volcanism to the south, it does not falsify a Cenozoic age. Additional
detrital zircon analysis are desired to further constrain source and test the hypothesis of linkage to the
southern Basin and Range.
Evidence for volcanic cover to the Idaho Batholith:
Surprising, the dacite cobble (M69) originally hypothesized as belonging to the Eocene Challis
Group, was found to be Late Cretaceous in age (98 ± 1.7 Ma). No regional volcanic source of this age has
been documented (Vuke et al., 2007; Idaho Geological Survey, 2012). This age coincides with the Atlanta
Lobe of the Idaho Batholith, however no volcanic cover to the Idaho Batholith has been found (Gaschnig
et al., 2010). High ΣREE concentrations and large Eu anomalies observed in sample M69 are consistent
with compositional trends of the Idaho Batholith (van Middlesworth and Wood, 1998). Ash and tuff
layers of coincident age are found throughout Late Cretaceous shale units along the Cretaceous Interior
Seaway (Mudge and Sheppard, 1968; Rothfuss et al., 2012; Zartman et al., 1995). One such Late
Cretaceous porcelanite tuff layer occurs in the Aspen shale, just below the basal contact near Paul
Reservoir. Grain size of this ash full tuff layer indicates the distil relationship between the source.
Superposition of well-rounded cobbles to this distal tuff deposit suggest that dacite volcanism was not
contemporaneous with gravel deposition and that transportation distance of the ash fall tuff and dacite
cobbles is comparable. Compositional trends of volcanic abundance show that the downstream
transportation dominated. Large amounts of volcanic material (calculated at ~ 15 km3) appear to have
either been transported moderate distances from the SW or reworked from existing deposits.
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It should be noted that dacite cobbles comparable to the analyzed sample were observed in the
folded strata of site M93, which is interpreted as being true Beaverhead Group. Additionally, Dacite
cobbles are absent in the Kidd quartzite conglomerate (Ryder and Scholten, 1973). Paleoflow (SSE) of
the Kidd unit loosely constrains the position of the possible volcanic source to the W or SW of the
present day location of the Divide deposit. Stratigraphic relationships between the Idaho Batholith and
the Challis Group offer further insight into this perplexing issue. The Challis Group inpart lies
unconformably atop the Atlanta Lobe of the Idaho Batholith (Gashnig et al., 2010). It is important to
recognize that no evidence for sediment derived from the Challis or the intrusive rocks of the Atlanta
Lobe of the Idaho Batholith was found in this study. This presents a difficult problem; how could a
volcanic layer provide sediment to the system without also sampling the over and underlying
lithologies? This question cannot be easily explained under the assumption of a first cycle sediment.
However, a recycling scenario can easily explain this relationship. The preferred interpretation is that
Cretaceous volcanic material was transported east in the Late Createcous and deposited in the
Beaverhead Group, such as is observable at site M93. Heavy erosion during the Larmide and
emplacement of the Challis Group likely facilitated in removal of the Cretaceous volcanics. Local
recycling of the Beaverhead Group remobilized the dacitic cobbles and incorporated them into the
fluvial system of the Divide deposit, which at this time was not coupled to the original source which was
at this time dominated by Challis Group. This interpretation of recycling is consistent with compositional
data and field observations of this study, such as the poor level of preservation typically associated with
this lithology. Further investigation is needed to assess the validity of this hypothesis. It is likely that
volcanic cover to the Idaho Batholith is confined to the study area, providing the only opportunity to
study this topic.
Assignation to the Six Mile Creek Formation:
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Based on the evidence presented in this study, I propose the Divide deposit be reassigned to
the Neogene Sixmile Creek Formation of the Bozeman Group (Fig. 11) (Sears et al., 2009). Based on
detrital zircon analysis of Link et al., (2005), It is hypothesized that additional detrital zircon analysis
taken from higher in the section may reveal Miocene aged grains. Such samples are needed to offer
support to the hypothesis of a Basin and Range source and constrain age. It is likely that other units
assigned to the Beaverhead Group contain recycled deposits of post-Cretaceous age. Continued work is
required to differentiate such deposits. Throughout this study, similarities between the Harebell and
Pinyon Formations of NW Wyoming were recognized. There is likely a connection between the Divide
and conglomerates of Jackson Hole, possibly more than just an initial shared source. Results of this study
are consistent with much of the pre-Pliocene Colorado River hypothesis of Sears (2013) as are results of
Leier et al. (2016). Continued investigations of recycled quartzite conglomerates throughout the western
US deserve attention in that they are a useful tool in improving our understanding of the tectonic
evolution of the region.
CONCLUSION
This field study of the gravel deposits of the southern Beaverhead Mountains supports a
Neogene (Mid Miocene-Pliocene) rather than Cretaceous age for the Divide unit. It is suggested that the
deposit be reassigned to the Sixmile Creek Formation of the Bozeman Group. Bedrock sources lie
predominantly to the west, but most lack evidence of first order transport in a north flowing river.
Detrital zircon analysis loosely suggests that cobbles of the Brigham Group have been fluvially
transported from nearly 200 km to the south. Resistant quartzite clasts belonging to the Belt Supergroup
and the Ordovician Kinnikinic were likely recycled from the Late Cretaceous Beaverhead Group but do
not reflect the only source of such lithologies. Large volumes of intermediate to felsic volcanic material
were likely recycled from the local Beaverhead Group. This 98 Ma volcanic source, hypothesized as
cover to the Idaho Batholith, predated deposition and has since been eroded. Syntectonic deposition
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associated with a major and long lived, northerly flowing river system occurred within an active NNEstriking half graben of probable Middle Miocene age. Locally, tuffaceous volcanic material was recycled
from the Cretaceous Aspen shale or an equivalent. Large mass-wasting events added local carbonate,
siliciclastic and quartzite units from proximal sources in the west. High competence and a coarse
quartzite clast bed load removed much of the coarse sediment sourced from local carbonate and
siliciclastic units. Long- lived, long-distance transport of fine sediments from what is now the Great Basin
is hypothesized but poorly constrained. Progressive recycling of quartzite clasts persisted through time.
Deposition ceased between 4.5 and 4.1 Ma as a result of Basin and Range tectonics and volcanism
associated with the Yellowstone volcanic system which shifted the Continental Divide eastward.
Movement along the Middle Creek Butte fault exhumed the gravel deposit around 0.365 Ma.
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CHAPTER 3. Field Guide to the Neogene 'Divide unit' of the southern Beaverhead
Mountains, and associated features, Montana and Idaho

Stuart D. Parker
University of Montana, Missoula, Montana, 59812, USA
INTRODUCTION
This field guide to the southern Beaverhead Mountains focuses on the nature and tectonic
significance of Neogene gravel and volcanic deposits formerly assigned to the 'Divide unit' of the
Cretaceous/Paleocene Beaverhead Group (Ryder and Scholten, 1973). The unit evidently represents the
deposits of a major river system that was cross-cut by the Yellowstone hotspot about 4 Ma.
The road log starts from Dubois, Idaho, along I-15. Field stops are located
according to GPS measurements. See figures 1 and 2 for route and associated stops. From
Dubois, exit onto Idaho Hwy 22 W. Take the immediate right onto Small Road, followed by
a slight right on County Route 91 N. Follow this frontage road north and take a left onto
Sky Line Rd (FS road 323). Stop 1 is an overlook on the right side of the road, 1.8 miles from
the frontage road.
Stop 1: Spencer High-Point volcanic rift zone overlook (GPS: 44.334028°N, 112.221845°W)
Visible to the southeast are the fissures, vents and craters associated with the Spencer-High
Point (SHP) volcanic rift zone (Fig. 3). The SHP is a unique feature of the eastern Snake River Plain (ESRP)
in that it contains the highest concentration of vents, has an E-W rather than NW-SE trend and contains
vents and fissures that do not parallel the trend (Kuntz et al., 1992). This fracture geometry has been
compared to tension gashes, suggesting right-lateral shear (Kuntz et al., 1992). Features of the SHP are
coincident with the Middle Creek Butte fault zone in the west and trend into the 1.3 Ma Henry’s fork
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caldera in the east (Kuntz et al., 1992; Morgan and McIntosh, 2005). The Middle Creek Butte fault
exposes the Divide unit in its footwall. Volcanics of the SHP have been dated at 0.365 Ma and may be as
young at < 15 Ka (Kuntz et al., 1992). These relationships may constrain initial exhumation of the Divide
unit at only 0.365 Ma.
Continue ascending on the main road. The road merges right, onto FS road 200.
Two left merges follow, onto FS 801. The ultimate goal is the highest bald knoll to the NW.
Staying on the largest, most well-worn road should get you there.
Stop 2: Divide unit gravel overlying the Kilgore Tuff (GPS: 44.401723°N, 112.335145°W)
This observation point lies on river gravel deposited on the 4.5 Ma Kilgore Tuff (Morgan and
McIntosh, 2005). The steep cliff band of the Kilgore can be seen to the NW. Conifers are often observed
in high densities around the Kilgore Tuff, where moisture is retained in the otherwise arid and welldrained gravel deposit. To the NW, the flat plateau of the Divide Creek area is visible, illustrating the
nearly horizontal nature of the Kilgore Tuff at this location. River gravel caps the Kilgore Tuff, and is
overlain by the angularly unconformable Indian Creek Butte tuff (4.1 Ma) which has been eroded in this
location (Morgan and McIntosh, 2005). This relationship constrains the end of deposition of the northflowing drainage responsible for the 800 m of river cobbles observed in this location to between 4.5 and
4.1 Ma. Uplift associated with the ESRP and the Yellowstone volcanic system likely terminated this
drainage. A broad volcanic plain persisted in the Pliocene until activation of the Middle Creek Butte fault
uplifted and exposed the Divide deposit by 0.365 Ma (Barenek et al., 2006).
Continue west, down from the high point. Turn right onto FS 323 before entering a
high plateau and a slight drainage. Stay right and travel north up the drainage towards the
Continental Divide. The road will veer east to gain the divide.
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Stop 3: Continental Divide overlook and Centennial shear zone boundary (GPS: 44.418819°N,
112.344126°W)
From this observation point, the Divide unit extends roughly 10 miles to the west (Ryder and
Scholten, 1973). Geomorphic features west of this location contrast with those of the eastern deposit. In
the east, drainages are dendritic and lack a preferred orientation. In the west, linear drainages trend NESW. Rockslide areas visible to the west typically correlate with highly chaotic fault zones. Linear springs,
easily discernable as a drastic change in vegetation, indicate surface expressions of groundwater flow
intersecting impermeable calcite-cemented fault planes. High permeability and minimal surface water
retention in the gravel deposit makes these linear springs a reliable method for identifying faults. Spring
orientations are generally coincident with linear drainages. The Kilgore Tuff is absent in the west. The
planar Kilgore Tuff projects above topography to the west suggesting that increased erosion in the west
has removed the tuff.
This drastic change in geomorphologymarks the eastern boundary of the Centennial shear zone
(CSZ). Right-lateral shear at a rate of 0.3-1.5 mm yr-1 is measured in GPS velocities of the region, which
accommodates differential extension rates of the Centennial tectonic belt (CTB) and the ESRP (Payne et
al., 2013). The main criticism with the CSZ hypothesis is that no strike-slip faults have been mapped
within this proposed shear zone (Rodgers et al., 2002). The present study proposes that rotation and
synthetic slip along preexisting faults suppresses the formation of a throughgoing strike-slip fault,
allowing for dextral shear to be accommodated in the absence of major strike-slip faults. Instead,
deformation in the CSZ is characterized by dense arrays (up to 580/km) of high-angle conjugate
fractures with minimal (<10 cm) vertical offset. These fractures subparallel shear sense in the CSZ. The
dense fracture arrays observed throughout the western extent of the Divide unit overthicken the
deposit to an apparent thickness of 2000 m. Orientations of the largest pressure solution pits observed
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on quartzite cobbles throughout the deposit highlight a horizontal maximum principal stress orientation
(σ1) consistent with a simple shear tectonic setting and the CSZ hypothesis.
From the Divide (Stop 3), Stop 4 can be accessed by foot or ATV (Fig. 2). Walk the
ridgeline north until the ridgeline splits, then follow the northeast ridge. The outcrops are
below the ridge on the east side in slide paths. Small stands of aspens lie just below the
ridge. This outcrop is not spectacular and is located in fairly rugged terrain. One way travel
distance is 1.3 miles from the Divide stop. Navigate back to the Divide stop for continued
directions.
Stop 4: Syndepositional faults of the Divide unit (GPS: 44.429490°N, 112.326884°W)
Poorly exposed outcrops below this ridge contain evidence for syntectonic deposition within the
Divide unit. Parallel sets of oxidized fractures can be observed crossing numerous cobbles in clast
support. These features parallel larger faults and assist in identification of fault orientations at the
outcrop scale, since gullies draped by slope wash follow larger faults. Zones of fault breccia with
extensive calcite cementation are also common, but poorly exposed. Fractures and normal faults at this
location are highly organized and signify a major NNE-striking normal fault, typical of regional trends of
Middle Miocene faults (Sears and Fritz, 1998). Joint sets cut bedding planes at oblique angles, suggesting
that strata dipped to the east during the formation of joint sets. Bedding plane orientations show
rotation coincident with the measured NE-striking normal fault, before subsequent rotation about the EW striking Middle Creek Butte fault. Large slide blocks, observable throughout the deposit, decrease in
size from W-E and highlight an east dipping slope during deposition. Fault strike also parallels the
observed NNE-paleoflow as illustrated by clast-imbrication measurements. These observations strongly
suggest syntectonic deposition in an active half-graben, likely during Middle Miocene time.
Stop 5 can also be accessed by foot or ATV (Fig. 2). From the Divide stop (Stop 3),
follow the ridge north. Follow the ridge as it wraps west for 1.3 miles, passing the ridge to
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Stop 4 and another NE trending ridge. Follow the third ridge on the right (NNE), park here
if on an ATV. Follow the ridge for 0.8 miles. The outcrops will be just below the ridge, on
the west. Navigate back to the Divide stop when finished.
Stop 5: Typical sedimentary characteristics of the Divide unit (GPS: 44.444841°N, 112.342311°W)
This outcrop highlights typical clast assemblages and sedimentary structures of the Divide unit.
Imbricated cobbles illustrate a consistent paleo-flow towards N 20o E. Armored beds can be observed,
showing that the fluvial system was highly competent. Quartzite cobbles are most common, accounting
for roughly 70% of clasts. Intermediate to felsic volcanic cobbles can be observed. Dacite cobbles
containing smoky bi-pyramidal quartz phenocrysts were dated and found to have an eruptive age of
98.3 ± 1.7 Ma. Isotopic and mineralogical characteristics are highly similar to the Atlanta Lobe of the
Idaho Batholith, suggesting the source was likely volcanic cover to the Idaho Batholith which has since
been eroded or buried beneath the ESRP (Middlesworth and Wood, 1998). Banded cobbles of limestone
and chert can be observed throughout the deposit. These partially silicified crinoidal packstones and
wackestones are sourced from the Mississippian Scott Peak and Middle Canyon Formations, which line
the paleochannel to the SW (Buoniconti, 2008; Skipp et al., 1979). These distinct cobbles can be seen
within the Neogene Sixmile Creek Formation to the NE, suggesting the two deposits are analogous, and
likely components of the same fluvial system, sourced to the south. Angular chert and lithic grains
dominate the sandstone matrix. Compositionally and texturally immature grains indicate first-order
sources from proximal and distal normal faults, likely associated with onset of Basin and Range faulting
in the area.
Follow FS 323 east, down from the divide. Follow I-15 north to Modoc Rd. Take
Modoc Rd SW towards Paul Reservoir. Stop 6 will be visible on the left, as the drainage
wraps around to the SE. The powdery slopes are Cretaceous shale, with more competent
ash layers visible throughout.
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Stop 6: Underlying CretaceousAspen Shale (GPS: 44.491212°N, 112.343493°W)
Cretaceous shale lies unconformably beneath the Divide unit in this location. Ryder and Scholten
(1972) assigned this unit to the Aspen Formation, while others (Skipp and Janecke, 2004) assign it to the
Frontier Formation. The bentonitic shale contains numerous ash layers and terrestrial plant fossils in this
location. Ash layers within the Aspen Formation and other local Cretaceous shales reveal
Albian/Cenomanian ages, coincident with the dated dacite cobble interpreted as volcanic cover to the
Idaho Batholith (Nichols and Jacobson, 1982). If these contemporaneous volcanics share a common
source, the dacite cobbles must have traveled a large distance given the distal nature of the ash deposits
of the shale unit.
To the west, the Divide unit overlies the Late Cretaceous/Paleocene Beaverhead Group and
transitional conglomerates of unknown age, which likely represent recycling of the Beaverhead. The
contact with the Aspen Shale represents an unconformity where the Beaverhead Group has been
eroded and recycled into subsequent conglomerates such as the Divide unit. Given the nature of coarse
quartzite conglomerates, analogous deposits resulting from progressive recycling of the Beaverhead
Group would be difficult to discern. Near the next stop, notice the morphology of hillslopes along
Modoc Road. A change in hillslope characteristic marks the unconformable boundary between the
Aspen Shale and the Divide unit.
Continue up Modoc Road towards Paul Reservoir. The lithological contact is just
before the left fork in the road that bends towards Paul Reservoir. Take the left fork and
park at the reservoir. The outcrops of interest will be visible to the east above the
reservoir. The outcrops are 0.4 miles and 700 vertical feet away. The steep and somewhat
loose slope is best climbed via one of the middle ridge lines.
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Stop 7: Basal conglomerate of Paul Reservoir (GPS: 44.463073°N, 112.335667°W)
Perched above Paul Reservoir is perhaps the oldest outcrop of the Divide deposit. The
lithologies present in this deposit are identical to those observed throughout the deposit. Characteristic
pressure solution pits of the Divide unit are easily observed at this location. These pits formed when
rounded quartzite cobbles in clast support concentrated applied force to a discrete contact. When
alkaline pore water conditions exist, quartzite dissolves at such contacts. In the homogeneous gravel
such as the Divide unit, the sizes of pressure solution pits correlate with the amount of applied force
(Wiltschko and Sutton, 1982). The paleo-orientation of σ1 can be proxied by measuring the common
orientation of largest pits. In this location, pits do not tightly cluster to a common orientation and
fractures radiate away from contacts. To the west, in the CSZ, pits and fractures lie parallel to the
modern shear sense, indicating that tectonic stresses were responsible for the deformation.
Feldspathic cobbles are common in this outcrop and throughout the Divide unit, accounting for
32 % of the total clast composition. This lithology has previously been assigned to the Belt Supergroup
although the observed northernly paleoflow is not consistent with this interpretation (Ryder and
Scholten, 1973), since no Belt rocks occur to the south. To address this discrepancy, this project dated
the detrital zircon assemblage from a feldsphathic quartzite cobble. Detrital zircon analysis revealed an
age signature matching the Brigham Group, which occurs roughly 120 miles to the upstream (south)
where it is exposed beneath the Middle Miocene Bannock detachment (Carney and Janecke, 2005). This
correlation constrains the maximum age of the deposit to Middle Miocene and illustrates that longdistance transport of large quartzite cobbles was common (Fig. 4).
Detrital zircons within the sandstone matrix were also analyzed at this location. This analysis
was used to assess the farthest extent of the drainage. If linkage to the Nevadian Basin and Range
existed, as proposed by the Ancestral Colorado River hypothesis of Sears (2013), then Miocene-aged
volcanic grains associated with extensive ignimbrites would likely be present in the sand matrix. Results
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show no such grains, and instead the system is flooded with Cretaceous-aged grains. These grains are
likely recycled from the underlying Aspen Formation and volcanic cobbles within the deposit. Proximity
to the basal contact skews the probability curve towards the Cretaceous and greatly reduces the odds of
identifying far-traveled Miocene aged zircons. Jurassic-aged grains were observed, and cannot be easily
explained within the local stratigraphy. A Jurassic intrusion in northern Nevada is the most likely source
and is consistent with paleoflow and age constraints (Fig. 4)(Link et al., 2005). Detrital results of modern
sands of the ESRP document Middle Miocene-aged grains which are unique to drainages linked to the
Divide deposit and support a link to Nevada (Link et al., 2005).
CONCLUSSION
In summary, field observations support reassigning the Divide unit of the Beaverhead Group of
Ryder and Scholten (1973) to the Neogene Sixmile Creek Formation, which has been mapped 50 km
northwest of the field area. The fluvial facies of the Sixmile Creek Formation, referred to the Big Hole
Member Fritz and Sears (1993), exhibits similar clast compositions and paleo-flow indicators and
contains similar interlayered Neogene volcanics. The sites are likely segments of a once-continuous,
large river system with headwaters south of the present position of the eastern Snake River Plain.
Tectonics associated with the Yellowstone hotspot and Snake River Plain evidently destroyed the river
drainage at about 4 Ma.
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CHAPTER 4. Strain accommodation within emerging shear zones:
Insights from the Centennial shear zone, Montana and Idaho

Stuart D. Parker
University of Montana, Missoula, Montana, 59812, USA
ABSTRACT
Dextral shear has been proposed as a mode of strain accommodation between the
Centennial tectonic belt and the eastern Snake River Plain, yet no through-going strike-slip
fault has been identified. Deformation features within a thick conglomerate of Neogene
age highlight a poorly organized and immature strike-slip system. Strain is distributed
across numerous high angle conjugate strike-slip faults which loosely lie sub-parallel to the
orientation of maximum principal stress (σ1). Distributed strain occurs in a wide yet
discrete primary deformation zone (PDZ). These observed features are consistent with the
Centennial shear zone hypothesis. Published shear experiments suggest that inherited
fractures suppress formation of through-going strike-slip faults. Subcritical offset and
inherited structures have suppressed through-going strike-slip fault formation in the study
area. Results of this study illustrate fundamentally unique kinematics of emerging shear
zones. Strain is distributed among many high angle, possibly conjugate, strike-slip faults
that sub-parallel σ1 and the PDZ. Deformation features are disorganized until total offset
collapses strain upon a single linked fault. For these reasons, emerging and immature shear
zones lack characteristic offset topography and centralized fault geometries of developed
systems, bearing little resemblance to classical models of shear.
Keywords: Centennial shear zone, tectonics, strike-slip, strain accommodation.
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INTRODUCTION
During the early development of strike-slip fault zones, minimal total lateral offset may
be accommodated in the absence of centralized strike-slip faulting, making identification
difficult. One such emerging shear zone may occupy the northern Basin and Range of Montana
and Idaho . Global positioning system (GPS) sites highlight a disparity in horizontal velocities
between the eastern Snake River Plain (ESRP) and Centennial tectonic belt (CTB)(Fig. 1).
Differences in the geodetically derived strain rates for the ESRP and CTB indicate a dextral shear
zone between them, although no current maps identify significant strike-slip faults within the
zone (Payne et al., 2013). Structures and stratigraphy within the proposed Centennial shear
zone (CSZ) are well documented, with the exception of an extensive river gravel deposit that lies
within the southern Beaverhead Mountains (Morgan and McIntosh, 2005; Skipp, 1988). The
present study analyzes fracture, fault, and pressure-solution pit orientations in order to assess
the hypothesis of the CSZ and investigate alternative models of strain accommodation within
emerging shear zones.
GEOLOGIC-TECTONIC FRAMEWORK
The study area (Fig. 1) lies within the highly deformed Cordilleran fold-and-thrust belt, a
longitudinal zone of Mesozoic thrust features which record multiple orogenic events (Janecke et al.,
2001). Several episodes of Cenozoic extension overprinted the fold-and-thrust belt in the Basin and
Range Province (Sears and Fritz, 1998). The northern Basin and Range is characterized by NE-SW crustal
extension facilitated by large normal faults such as those observed in the CTB. Coincident extension of
lesser magnitude occurs in the ESRP, facilitated by dike injection (Parsons et al., 1998). Extensive
rhyolitic and basaltic eruptions of the ESRP, such as the 4.5 Ma Kilgore Tuff, are effective time markers
across the region (Morgan and McIntosh, 2005). Small vertical faults bounding the ESRP and paralleling
the extension vector have been interpreted as the result of flexure due to crustal loading by kilometers
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of Neogene basalt (Zentner, 1989; Rodgers et al., 2002). Alternatively, it has been suggested that NEstriking normal faults accommodate dextral shear in the CSZ (Payne et al., 2013).
The ‘Divide unit’ of the Beaverhead Group was selected for this study of the CSZ on the basis of
structural and compositional homogeneity. While Nichols et al. (1985) cited the Divide unit as of
Cretaceous age, this study found compelling evidence for a Neogene age (refer to chapter 2).
Documented northerly paleoflow within the Divide unit is not coincident with any other units of the
Beaverhead Group (Ryder and Scholten, 1973). The Divide unit lacks the observable folds, thrust faults
and paleosols associated with Cretaceous-age convergent deformation. Clast-size measurements, slideblock distributions, joint orientations and bed geometries are consistent with syntectonic deposition
within a mapped half-graben matching regional trends of the Middle Miocene. Detrital zircon analysis of
a feldspathic quartzite cobble sampled from low in the section correlates to the Brigham Group of SE
Idaho, which was not exhumed until Miocene time (Carne and Janecke, 2005). Most compellingly, the
4.5 Ma Kilgore Tuff occurs within the gravel (Sears et al., 2014; Morgan and McIntosh, 2005). Given this
evidence, the present study concludes a Neogene age for the Divide unit.
The Divide unit is composed of an 800-m thick quartzite-cobble conglomerate which is
compositionally and texturally homogeneous. Alkaline conditions, clast support, high sphericity and
rounding promoted the dissolution of quartz, producing pressure-solution pits at clast contacts (Tanner,
1963). The largest pressure-solution pits approximately map the maximum principal paleo-stress
orientation (σ1), given consistent clast size, shape, roundness, and composition (Schradder, 1988;
Wiltschko and Sutton, 1982). A NW-striking normal fault exposes the Divide unit (Skipp et al., 1979). This
fault strikes into the ESRP where it traces into the Spencer-High Point trend of late Pleistocene volcanic
fissures and cinder cones (Kuntz et al., 1992). Crosscutting relationships and coincident orientations
suggest exhumation of the Neogene gravel was contemporaneous with the Spencer-High-Point by 0.365
± 0.68 Ma (Kuntz et al., 1992).
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DATA COLLECTION AND METHODS
Sedimentary structure and composition data offers evidence of a Neogene age for the Neogene.
Planar and linear deformation features such as faults, fractures, slickenfibers, pressure-solution pits and
lineations were measured in the field. Measurements among 99 outcrops were grouped into 19 areas.
Fabrics were plotted on equal-area lower-hemisphere stereographic projections and classified by ratios
among eigenvalues (λ1, λ2, λ3) allowing for quantitative analysis of fit, clustering and girdling (cf.
Woodcock, 1977). Perfect clustering is represented as K approaches ∞; perfect girdling is represented as
K approaches 0; K = 1 signifies no preference. As fit increases and scatter decreases, ln(λ1 / λ3) increases.
Maximum diameter pressure-solution pits measured within well-rounded, spheroidal quartzite cobbles
in well sorted beds were used to approximate the maximum principle stress (σ1) orientation. This data
was grouped into three E/W domains of statistical significance to investigate spatial variability. Bedding
planes were schematically restored to horizontal to investigate the influence of tilt on the plotted fabric.
Pit orientations were referenced to slope and dip vectors to investigate the influence of gravitational
sliding. Satellite imagery was used to identify large structures not observable at the outcrop scale.
DEFORMATION FEATURES WITHIN THE STUDY AREA
Unidirectional striations on cobbles occur throughout the deposit. Numerous thin (<2 mm wide),
oxidized, vertical fractures sets dissect cobbles up to tens of meters away from fault planes. High-angle
conjugate faults with minimal (< 10 cm) vertical offset occur in high densities (up to 580 km -1).
Abnormal pressure-solution pit dimensions in cobbles suggest a tectonic influence (Wiltschko and
Sutton, 1982). Measurements of 263 pits suggest a sub-horizontal (15o) σ1 orientation of 255.8o ± 22.0o.
Correction for bedding has minimal effect on the stereonet fabric, suggesting that cobble pitting
postdates or coincides with uplift. Pit orientations further reveal no influence from down-dip basal
sliding. Pit data was split in three E-W zones (P1-P3). The eastern most plot, P1, displays high scatter (ln
(λ1 / λ3) = 0.84) and only a slight clustering habit (K = 1.14). Moving west, P2 displays a well-defined
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trend. Although still fairly scattered (ln (λ1 / λ3) = 0.83), a clustering trend is now observable (K = 3.19).
Farther west, P3 shows a more organized habit (ln (λ1 / λ3) = 1.30) and retains the clustered habit (K =
2.04). All three plots suggest a preferred σ1 orientation within 99% certainty.
Strike and slip orientations match expected Riedel (R) shear planes for a right-lateral primary
deformation zone (PDZ) oriented at roughly 215o. Although PDZ and R shears were indistinguishable
(Curren and Bird, 2014), extensional/antithetic tension (T) shear relationships are apparent. At the
outcrop scale, examples of shear planes matching expected Riedel relationships are observable but are
not obvious. However, shear cannot be distinguished through comparison of expected Riedel arrays due
to the highly variable fracture habit. Sigmoidal drainages suggest synthetic and antithetic offset but do
not show laterally continuous strike-slip faults beyond ~ 1 km. Therefore while Riedel shear structures
and offset topography can be observed they are not effective in defining the PDZ.
A plot of 650 fracture poles shows a mean fracture orientation of 200o 78o W with conjugates
dipping 85o E with a variance of 20o. The fabric is neither strongly clustered nor girdled (K = 1.4) and is
fairly scattered (ln (λ1 / λ3) = 1.1). Fisher Mean Vector analysis shows the trend is statistically significant
within 99% (Fisher, 1953). Fractures in the east (P1) are tightly clustered (K = 5.6) with a mean
orientation of 010o 60o W. Only 10 of 13 western outcrop areas display a preferred fracture orientation
within 99% certainty, while all 6 eastern areas display a preferred fracture. Pit orientations confirm this
bimodal spatial pattern, suggesting the boundary of the CSZ lies within the Divide unit.
While strain is widely distributed along a > 20 km wide PDZ, the boundary is well-defined.
Increased erosion due to faulting within the CSZ has removed the Kilgore Tuff. The Kilgore Tuff is
preserved beyond the extent of shear zone. Drainages within the gravel deposit outside of the CSZ
display uniform dendritic habits, while within the CSZ, linear drainages have a preferred orientation of
215o Average fracture strike and preferred drainage orientation match this orientation (Fig. 1). Inferred
σ1 occurs clockwise of PDZ orientation, consistent with right-lateral movement. Linear facets bounding
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the West Fork of Indian Creek are interpreted as shear features and postdate the 0.35 Ma normal fault
while pressure solution pits do not (Kuntz et al., 1992). This relationship constrains the minimum age of
the Centennial shear zone to 0.35 Ma.
STRAIN ACCOMODATION IN EMERGING SHEAR ZONES
The study area within the CSZ experiences distributed strain and hence bears little resemblance
to mature strike-slip fault systems which contain laterally extensive throughgoing faults. Deformational
features of the study area are consistent with emerging strike-slip shear zones. Classic Riedel-shear
experiments show onset of synthetic fractures ~15o to the PDZ occur prior to centralized strike-slip
faulting (Riedel, 1929). Outcrop-scale Riedel structures are absent in the coarse Divide gravel. Rather,
uniaxial rotation of clasts accommodates strain, a demonstrated characteristic of simple shear regimes
(Hippolyte, 2001). Riedel relationships occur between some, but not all, major faults making them an
incomprehensive characteristic of shear zones. With continued offset, Riedel shear experiments result in
a single throughgoing fault. Rotation and antithetic slip about inherited structures suppresses formation
of characteristic linked faults (Curren and Bird, 2014). Greater than 7-13 km of offset is required to
nucleate a throughgoing fault when inherited structures exist (Curren and Bird, 2014). Within the study
area a maximum age constraint for shearing is set by the 4.5 Ma Kilgore Tuff, suggesting a maximum
offset of 3- 5.5 km (Payne et al., 2013). Inherited faults of the Cordilleran fold-and-thrust belt and the
Basin and Range occur sub-perpendicular to shear sense. Antithetic slip about these faults promotes
rotation and suppresses formation of new linked strike-slip faults (Fig. 3). Unless pristine conditions
,where strata lacks any inherent weaknesses, exist, emerging shear zones lack a throughgoing strike-slip
fault. Only with continued offset will a well-defined strike-slip fault form.
Characteristics of the study area may highlight more comprehensive criteria for identification of
emerging shear zones. Shear in the CSZ is rooted in discrepancies in extension mechanism between the
ESRP and the CTB. The boundary between these two tectonic provinces is distinct, creating localized
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shear rather than broad distributed strain across the region. Within this localized shear zone strain is
distributed across a fairly wide (~20-45 km) but discretely bounded PDZ (Curren and Bird, 2014). Dense
arrays of high angle faults (calculated at up to 580 km-1) lie subparallel to the PDZ. Centimeter-scale
horizontal offsets along single faults accommodate shear strain. While vertical offset may be
comparable, along-strike accommodation dominates given the fault geometry. Landforms resembling
pull-apart basins and offset drainages are observable in the study area, but are not laterally extensive
and lack a common orientation, making them an incomprehensive characteristic (Fig. 2). In thick,
homogeneous and strain-hardened strata, conjugate arrays exist independently of basement fault arrays
(Davis et al., 1999). Mean fracture orientation, subparallel to the PDZ, is acutely offset from σ1 in the
CSZ. Slip vectors from catalogued seismic events and surface velocities measured by GPS show a large
regional trend of extension, with right lateral slip occurring within the proposed CSZ (Payne et al., 2013).
PDZ and the measured σ1 orientation coincide with this regional extension direction, showing that the
localized simple shear stress field of the CSZ is superimposed over the regional stress field. While
dominant NW-trending normal faults suggest a purely extensional stress regime, data of this study
shows that a horizontal σ1 resulting from simple shear exists within an area of coincident extension.
These relationships highlight that in emerging shear zones, surface expressions of strain are not
tightly coupled to the underlying shear sense. Only with large-magnitude offsets will surface expressions
align with shear sense when in the presence of inherited structures. It is crucial to note that deformation
features matching the presented criteria have long been documented throughout the CSZ, but have not
led to the interpretation of a strike-slip system (Zentner, 1989; Kuntz et al., 1992; Pierce et al., 2014).
Crustal flexure due to mass loading on the ESRP has been suggested but is not favored because the
conjugate habit of the observed faults negates any net vertical offset (Rodgers et al., 2002). Whereas
folds do disappear beneath the ESRP, their distribution is not tightly coupled with observed deformation
features. The persistent stress field demonstrated by this study does not suggest a strong influence from
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the relative passage of the Yellowstone Hotspot Pierce and Morgan (2009) proposed. The present study
suggests that the CSZ is an emerging or immature shear zone. The delayed field recognition of this shear
zone illustrates that emerging shear zones cannot be identified using standard approaches, which rely
solely on surface expressions of focused strain to determine the underlying sense of shear.
While simple shear is one of three fundamental stress regimes, contemporary examples of
emerging systems in continental settings are rare. Surface GPS velocities highlight possible shear zones,
but field evidence seldom supports such interpretations. In the Cherskii Mountains of Siberia, for
example, strain rates of 3 mm yr-1 are observed in the absence of a through-going fault (Apel et al.,
2006). Fault geometry is independent of the active local stress field due to reactivation of inherited
structures. Like the CSZ, the Cherskii Mountains highlight the disorganized and distributed habit of strain
within emerging shear zones. Other examples of immature shear zones in the Basin and Range, such as
the Brothers Fault Zone and Walker Lane, lack large centralized strike-slip faults but contain
disorganized surface expressions of strain that are largely independent of the regional stress field
(Lawrence, 1976; Wesnousky et al., 2012). In both cases, the major structural features are inherited.
These examples suggest that until major lateral offsets of up to tens of kilometers are reached, strain
accommodation is not focused onto major through-going strike-slip faults. The present study proposes
that strain is distributed along a wide yet discrete shear zone proceeding the formation of major strikeslip faults. Surface deformation is disorganized and only loosely parallels the PDZ. With continued offset,
shear stress collapses upon a narrow PDZ. Only after millions of years of shearing do surface expressions
of strain parallel the local stress regime. If adolescent shear zones are to be identified, more
comprehensive approaches must be employed.
CONCLUSION
Within the southern Beaverhead Mountains, a highly deformed zone of > 20 km was identified
in Neogene strata. While the zone lies within the extensional Basin and Range province, a local shear
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stress regime dominates. A horizontal orientation of σ1 sub-parallels dense arrays of conjugate high
angle strike-slip faults that accommodate kilometers of lateral offset. These observed deformation
features loosely parallel shear sense as indicated from focal mechanisms and GPS velocities, but show
no relation to major structures of the region. Distribution of strain, antithetic shear and rotation along
inherited structures suppresses development of a single defined fault (Curren and Bird, 2014). Riedel
shears are rarely observed due to their delicate form and high dependency on substrate (Davis et al.,
1999; Hippolyte, 2001). Many of the standard features of shear zones are absent in the CSZ due to its
immaturity. This study demonstrates that emerging shear zones are poorly ordered and bear little
resemblance to mature systems which focus strain to a single fault. Movement along inherited faults is
often unrelated to fault geometry. Therefore standard methods for identifying shear zones are
incomplete. Results of this study show that more comprehensive characteristics of emerging shear
zones include loosely sub parallel orientations of faults, slip vectors, surface velocity, σ1 and PDZ;
distribution of strain amongst numerous high angle faults in a wide but defined PDZ; and a low degree of
organization. Coupling surface observations with geophysical data allows for simple and effective
identification of emerging or underdeveloped shear zones.
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Appendix 4a
EXPANDED METHODOLOGY
Establishing age constraints
Sedimentary, structural and compositional data was used to constrain age to the Neogene.
These results are in currently in publication. Detrital zircons of a feldpathic quartzite cobble (PRF1)
sampled from an outcrop above Paul Reservoir, Idaho were analyzed. Zircon grains were separated
using standard techniques and annealed at 900oC for 60 hours in a muffle furnace. Grains were mounted
in epoxy and polished until their centers were exposed. Zircons were analysed by laser ablation
inductively coupled plasma mass spectrometry (LA-ICPMS). All lab analyses were conducted by
technicians at the Boise State University Isotope Geology Laboratory.
The probability curve of sample PRF1 was compared to curves of the Belt Supergroup and the
Brigham Group, the most likely sources. Dates range from 3325 ± 24 Ma to 1303 ± 65 Ma. Two zircons
predate the 1.45 Ga Belt basin within uncertainty (1303 ± 65 Ma, 1314 ± 49 Ma)(Ross and Villeneuve,
2003). 17 grains (61 %) correspond to Paleoproterozoic peak between 1600-1900 Ma. Another strong
peak occurs (7 grains, 25 %) around the Archean/Proterozoic boundary around 2500 Ma. This
distribution matches the Brigham Group, and disproves the hypothesis of a Belt Supergroup source on
the basis of two pre Belt aged grains. A third grain straddles the onset of deposition in the Belt Basin
(1399 ± 79 Ma). Bedrock sources of the Brigham Group are largely confined to the Miocene Bannock
detachment in the Pocatello area, ~ 200 km upstream (Carney and Janecke, 2005). A Brigham Group
source constrains maximum age of deposition to the Miocene (Carney and Janecke, 2005).
Documenting deformation
Structural features were plotted on equal area lower hemisphere stereographic projections,
using Stereonet 9 (Allmendinger, 2016). Plots of linear features were Kamb contoured at intervals of 2σ.
All calculations were conducted in Stereonet 9. Calculated eigenvalues (λ1, λ2, λ3) were used in
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petrofabric plots, based on the methods of Woodcock (1977). This method aided in quantitatively
comparing fit and habit of stereographic fabrics. All fabrics plotted rejected the hypothesis of a random
distribution within 99% certainty.
Clasts were found to be 50 % spheroidal (a ≈ b ≈ c) and 34 % disk shaped (a < b ≈ c) and of high
sphericity. These characteristics contribute to widespread clast support. Calcite cement dominates,
showing that alkaline conditions exist. These alkaline conditions promote the dissolution of quartz. The
high sphericity and lack of matrix support reduces contact area between clasts. When force is applied
given these conditions it is magnified at the contacts facilitating the dissolution of quartz, thereby
creating pressure solution pits. Throughout the deposit cobbles display characteristic pitting (Tanner,
1963).
Limited work has been conducted on quantifying this phenomenon. This study builds upon
previous work to determine whether overburden or tectonic forces dominated. Diameter and pit depth
are proportional to the applied force (Wiltschko and Sutton, 1982). Other factors such as shape, size,
sorting and number of contacts effect the distribution of force and thus effect pit size (Wiltschko and
Sutton, 1982). To limit uncertainty and variability, only well-rounded, spheroid quartzite cobbles in well
sorted areas were measured. By selecting for sorting and shape, the number of contacts will also remain
relatively consistent. Assuming an even distribution of cobbles, one would expect that the largest pit
corresponds with the orientation of maximum principle stress (σ1). Due to the nature of stacking
spheres, in which a handful of contacts occur at fixed roughly evenly distributed position, it is unlikely
that the orientation of σ1 will correspond perfectly with a contact. Largest pit orientations will therefore
have natural variability because they are limited to formation at pre-existing contacts. Pits should cluster
around a common vector, σ1. Given that σ1 is expressed as a linear feature and pits are the consequence
of this linear feature intersecting a sphere, pits will display bidirectionality. This allows for easy in-situ
measurement of σ1. Maximum diameter pits were measured as linear features projecting perpendicular
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to the contact. When possible, cobbles were removed allowing for both poles to be observed. All
parameters mentioned were assessed in the field qualitatively. Thus precision and accuracy are fairly
low. The purpose of this method is to identify the overall tectonic setting and the relative vector of σ1
(Schradder, 1988). While this method may appear fairly crude, it need not be sophisticated in order to
differentiate between extensional or simple shear tectonic settings or to highlight the absence of a
preferred orientation.
Measurements of pit depth and diameter, along with corresponding cobble dimensions, were
compared with tables of Wiltschko and Sutton (1982) to illustrate influence from overburden. Calculated
minimal burial depths required to achieve observed pit dimensions ranged from 100 m to over 1000 m.
Given the thickness of the deposit (800 m) and its superposition in the local stratigraphy, overburden
pressure explains some, but not all pits. This suggests that a tectonic driver dominates. Across the field
site, orientations of 263 pits were measured and plotted on an equal area lower hemisphere stereonet.
The pits cluster near the perimeter of the steronet, with a noticeable absence in the middle, consistent
with a simple shear scenario. It has been recognized that unidirectional striations typify simple shear
settings, while converging striations typify extensional and compressional settings (Hippolyte, 2001).
Whenever striations were observable, they were unidirectional in nature.
In order to determine the influence of bedding rotation on orientations of the largest pressuresolution pits, the data points were retrodeformed. Pits were coupled with bedding planes which were
then restored to horizontal. Both raw pit data and corrected pit data show a tight clustering habit, with a
K value of 53.8 and 14.9 respectively. They also show the expectedly high scatter, with ln (λ1 / λ3) values
of 0.81 and 0.83. A uniform spherical distribution was rejected within 99% certainty for both plots.
These parameters show that correction for bedding orientation has little effect on the quality of the
data, and that in both cases a preferred orientation exists.
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Down slope creep (observable in the field) was investigated as a cause for pitting. Data points
were compared with down slope directions of corresponding sites. There was no trend between the
two, thus rejecting the hypothesis of pitting due to slope creep. Sliding along bedding planes during
uplift was another possible causation. To test this hypothesis, pits were plotted relative to down dip
direction. Down dip azimuth was set at 0o on the stereonet. Pit orientation was referenced relative to
down dip, so that when looking down slope clockwise departures were plotted as positive values
between 0-90 and that counterclockwise departures were plotted as negative values, or positive values
between 180-360. The expected outcome of dip-slip-induced pitting would be a common vector focused
around the 0 and 180 azimuths, and clustering near the edge of the plot showing that pits are coupled
to the bedding angle. The results of this test show neither a clustered or girdled habit (K = 0.95). There is
no cluster about the 0 or 180 azimuth, and the amount of scatter increases (ln (λ1 / λ3) = 0.74). While the
plot increases in scatter, the general trend of cluster is still observable. This is likely due to the
consistent and relatively un-deformed nature of the bedding across the deposit.
Spatial variability of pitting habit was investigated. Limited sample sizes prevented site-by-site
comparison. Data was split into three spatial zones, P1 - P3 (E – W). The plots contain comparable
sample sizes (82, 88, and 88). Each plot was corrected for bedding, where the plot was rotated to
restore bedding to horizontal. This grouping highlighted a very interesting trend. The eastern most plot,
P1, displays high scatter (ln (λ1 / λ3) = 0.84) and only a slight clustering habit (K = 1.14). Moving west, P2
displays a better defined trend. Although still fairly scattered (ln (λ1 / λ3) = 0.83), a clustering trend is
now observable (K = 3.19). Farther west, P3 shows a more organized habit (ln (λ1 / λ3) = 1.30) and retains
the clustered habit (K = 2.04). All three plots show a preferred orientation within 99% certainty.
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CHAPTER 5. Implications for stratigraphic and tectonic evolution of the Centennial
shear zone

Stuart D. Parker
University of Montana, Missoula, Montana, 59812, USA
STRATIGRAPHIC IMPLICATIONS
Age and source constraints from zircon analysis
Given the evidence of this study, it is suggested that the Divide unit be reassigned to the
Neogene Sixmile Creek Formation of the Bozeman Group. Lithologies present within the Divide unit can
be tracked north through Miocene grabens to the Cyprus Hills near the Canadian border (Sears et al.,
2014; Leier et al., 2016). Age of the Divide unit is poorly constrained. Radiometric dating of zircons
within the sandstone matrix near the base of the deposit (PRMX1) fail to highlight post-Cretaceous aged
grains. Several other samples were taken, from various localities throughout the deposit but were
discounted due to occurrence within the landslide dominated strata. The main goal of detrital zircon
analysis was to constrain the maximum age of the deposit. Samples from landslide influences sites
would not display an accurate probability of detrital age distribution of the suspended sediment load,
and would bias against post-Cretaceous zircons which are locally sparse (Lonn et al., 2000). Samples
extracted from basal conglomerates to the Divide unit, were also deemed unsuitable due to
compositional and structural evidence against contemporaneous deposition. The only sand sample
sourced from a fluvially dominated section was the analyzed sample of Paul Reservoir. Limited access
due to winter conditions prevented subsequent sampling higher in the section.
The sample at Paul Reservoir (PRMX1) displayed a prominent spike in probability corresponding
with Cretaceous (Albian/Cenomanian) -aged grains. This spike represents a local bias resulting from
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increased sediment input from the basal Aspen Shale, which directly underlies the Paul Reservoir sample
site (Ryder and Scholten, 1973; Tysdal et al., 1989). Probability curves along the Sixmile Creek and
Renova Formation often fail to highlight this Cretaceous peak (Stroup et al., 2008; Rothfuss et al., 2012).
The Cretaceous peak is pronounced when a local source of volcanic-ash-bearing Cretaceous shale unit is
present, such as in the Aspen, Blackleaf or Mowry formations (Rothfuss et al., 2012). Samples from the
Sixmile Creek Formation taken downstream from the Divide contain a large gap in the age spectra
occurring from the Cretaceous until the Middle Miocene (Stroup et al., 2008). A local Cretaceous
(Albian/Cenomanian) zircon-rich source likely skews probability curves and reduces the possibility of
Miocene-aged grains. It is also possible that sample PRMX1 either predates the sedimentation of
Miocene grains, or that the deposit is not connected with such Miocene sources altogether. Probability
curves of the modern sediments within the Divide drainage and the Pliocene equivalent suggests a high
probability of Miocene grains within the deposit (Link et al., 2005). To more accurately constrain time of
deposition and investigate a sedimentary link to the southern Basin and Range additional detrital
samples are needed. Preferable localities for sampling would be higher in the Divide unit section and in
sites that are not highly influenced by gravitationally sourced material.
Dacite cobbles containing bipyramidal smoky quartz phenocrysts, originally speculated to be
Eocene Challis volcanics, were found to have an age of 98 Ma. This surprising result raises several
questions. Dacite and andesite cobbles are a dominant lithology within the deposit. A lack of regional
volcanic deposits of Cretaceous age, prevents against source constraints (Idaho Geological Survey, 2012;
Vuke et al., 2007). The most plausible hypothesis is that the large volume of volcanic cobbles were
sourced from a fairly local volcanic source to the SW. The Challis volcanic field erupted through the
Atlanta Lobe of the Idaho Batholith, with very similar mineralogy and isotopic signatures between the
two (Bennett, 1980). Compositional similarities between the cobble and the Challis suggest an Idaho
Batholith source (Norman and Mertzman, 1991). While the analyzed zircons display a similar isotopic
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and age signature as the Atlanta Lobe of the Idaho Batholith, they show no signs of inheritance. Cobbles
were present throughout the deposit, as well as within the folded basal conglomerate observed at M93.
No strong temporal or spatial trends were found for volcanic cobbles within the deposit aside from the
observed decrease to the west in slide-dominated strata, which suggests that the material was not
added to the channel through gravitational processes. This body of evidence, along with the presence of
distal tuff layers and biotite within the basal Aspen Shale of similar ages suggest that volcanism predated
deposition of the deposit and occurred far to the southwest. The source appears to have been eroded
since the Miocene..
Dating results of the feldspathic quartzite cobble (PRF1) taken from the Paul Reservoir and
correlation to the Brigham Group will likely be contested given the prominence of Belt Supergroup in
the region and the small sample size (N = 28) of this analysis. Zircons were found to be sparse within the
sample and the yield of dateable zircons was relatively low, resulting in the small sample size. 207Pb/
206

Pb dates were used when age exceeded 1000 Ma. 206Pb/ 238U dating reveals an age of 1256 ± 27 Ma

and 1290 ± 36 Ma. It could be argued that the occurrence of the two younger than Belt (~1450 Ma)
grains (1314 ± 49 Ma, 1303 ± 65 Ma) could be attributed to analytical error or uncertainty. Maximum
uncertainty pushes dates of these grains to 1363 Ma and 1368, still significantly younger than the 1450
Ma Belt Basin (Ross and Villeneuve, 2003). Grains of this age have been found within the Garnet Range
Formation of the uppermost Belt, but all grains outside of the Garnet Range Formation postdate ~1450
Ma (Ross and Villeneuve, 2003). Uncertainty and error have been considered, although the tightness of
fit between respective probability curves makes the Brigham Group the most suitable source. Given that
a Brigham Group source offers the tightest age constraint, in that it was exposed in the Mid to Late
Miocene in the Pocatello area, more detailed detrital zircon analysis may be required to indisputably
support the hypothesis of Miocene deposition within the Divide deposit (Carney and Janecke, 2005).
Unfortunately further zircon analysis is outside of the scope and budget of this project.
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While detrital zircon results alone are fairly unsuccessful at providing strong time and source
constraints, when coupled with the full data set of this study they provide strong evidence for a
Miocene-Pliocene age. Continued analysis of this deposit would add great credibility to the hypotheses
at hand and offer more concrete time constraints. It is my hope that the data presented in this study at
the minimum provides adequate evidence to overturn the current assignation of the Divide deposit to
the Cretaceous Beaverhead Group.
Assessment of the Colorado River hypothesis
Results of this study generally support the Colorado River hypothesis of Sears (2013). Several
revisions can be made to the general hypothesis given the findings of this study. Coarse clasts offer only
weak support to the hypothesis, given the regional distribution of possible sources. Lithologies such as
the lithic chert arenite and quartz-veined black chert occur along the Cordilleran fold-and-thrust belt,
making it difficult to constrain the southern extent of this fluvial system. Quartz-veined black chert was
identified locally, within the paleochannel and lithic chert arenites occur in the Copper Basin Group of
central Idaho, making the previous hypothesis of more distantl Nevada sources unnecessary (Link et al.,
1996; Sears, 2013). The Brigham group offers the southernmost correlation to a bed rock source.
Feldspathic quartzites, assigned to the Brigham Group on the basis of detrital zircon analysis, display a
decrease in abundance through time as uplift of the ESRP cut off bedrock sources of the Pocatello are
from the fluvial system of the Divide. This was the only lithology that displayed such a trend. This trend
likely exists for other southern sources, but was not observed in the classification scheme of this study.
Other more discrete constraints for southern sources can likely be gathered from the Divide unit, if the
headwaters do occur south of the ESRP. Orthoquartzites with red spots and pock marks (resulting from
imperfect cementation) closely resemble the Eureka quartzite of northern Utah and southeastern Idaho
(McBride, 2012). Detrital zircon analysis of this lithology may be helpful in assessing this correlation,
although Ordovician lithosomes to the Eureka occur along the Cordilleran fold-and-thrust belt (Idaho
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Geological Survey, 2012; Vuke et al., 2007). Until these characteristic red spots can be identified within
the Swan Peak or Kinnikinic Formations, the Eureka remains the most likely source.
Within the sand matrix, ties to the southern Basin and Range exist but are not completely
conclusive. Peaks corresponding to the Late Jurassic are among the most convincing. This peak is fairly
uncommon across the region (Link et al., 2005). Late Jurassic plutons in northern Nevada are likely point
sources and are consistent with paleoflow data (Miller and Hoisch, 2005). Local recycling is not likely
given the near absence of Late Jurassic grains in the region (Link et al., 2005). With the exception of
Cretaceous and Late Jurassic age grains, detrital signatures of sample PRMX1, the Renova formation and
the Grand Canyon suite are remarkably similar (Sears et al., 2014; Rothfuss et al., 2012; Gehrels et al.,
2011). Signatures of the Sixmile Creek Formation are similar, with the addition of numerous Late
Miocene aged grains (Stroup et al., 2008). Each peak can be explained through the stratigraphy of the
northern Basin and Range as well, making it very difficult to verify a Colorado Plateau source using
detrital zircon signatures alone (Link et al., 2005). Aside from the possible linkage to Jurassic plutons of
northern Nevada and a source constraint to the Brigham Group, sources can be explained through the
stratigraphy of Idaho. While a Colorado Plateau source is by no means the only suitable hypothesis, it is
consistent with source constraints offered by detrital zircon work of this study.
Other potential Neogene river gravels
Throughout this study similarities in clast composition and detrital zircon signature were
apparent between the Upper Snake River drainage of Wyoming and the Divide unit, suggesting source
overlap and possible fluvial linkage. The Cretaceous Harebell and Pinyon Formations, lithosomes to the
Beaverhead Group, are extensive in the area. Tertiary reworking of the Harebell and Pinyon is
documented in Jackson Hole in Eocene to Miocene conglomerates (Love et al., 1992). The likelihood of
misidentified conglomerate units is high in the area. The Pliocene conglomerate deposit on Signal
Mountain, mentioned previously, remains unstudied. During this study, only initial observations were
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made on the unit. The deposit clearly is Pliocene, as constrained by the basal 4.5 Ma Conant Creek Tuff
(analogous to the Kilgore) and the overlying 2.1 Ma Huckleberry Ridge tuff (Love et al., 1992). The
deposit is identified as glacial, although clasts were well sorted and almost entirely quartzite in a sand
matrix (Love et al., 1992). Metamorphic and volcanic rocks were not observed, suggesting that the
Tetons were not yet uplifted and that flow was not from the north or east, which is dominated by the
Eocene Absaroka Supergroup volcanics (Feeley, 1993). Orthoquartzite cobbles with red speckles,
possibly correlated to the Ordovician Eureka, were observed in this locality as well as in several other
deposits of the Harebell Formation (McBride et al., 2012). Percussion marks and weathering features on
a clast of Ordovician quartzite show a long history of recycling. The cobble is split, but rounded on the
edges, with a white core surrounded by an orange oxidized rim. Percussion marks are most dense on the
round exterior, but are also present along the rounded fracture plane. These relationships suggest the
cobble has experienced repeated recycling and at least two burial and exhumation events. Below the
deposit, a thick Miocene gravel deposit is mapped, sitting on Carboniferous strata (Love et al., 1992).
This unit was not found in the field. Other sites mapped as Pinyon Formation show stratigraphic
relationships which suggest recycling. In the northern Tetons, near Red Mountain, Pinyon sits directly on
Carboniferous strata (Love et al., 1992). This basal relationship also occurs with an undated unit of
Tertiary conglomerate near Teton Pass (Love et al., 1992). Elsewhere in Jackson Hole, Pinyon sits entirely
on Cretaceous strata (Lindsey, 1972). This unconformity with the Carboniferous strata may represent a
paleovalley of a Tertiary fluvial system. These deposits in the Jackson Hole area may be related to the
drainage associated with the Sixmile Creek Formation. Tertiary gravel deposits in the area, such as at
Hepburn’s Mesa north of Yellowstone National Park may be related to the system as well (Barnosky and
Labar, 1989). It is likely that such deposits represent a widespread trend of competent north-flowing
systems which recycled quartzite conglomerate clasts during the Mid-Miocene climatic optimum.
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This study demonstrates the need for continued research and mapping in the region. Additional
detrital zircon analysis is needed to confidently assess the possibility of Miocene-aged grains high in the
Divide unit section. A more comprehensive timeline could be constructed by investigating the system in
its entirety, which contains several volcanic time markers (Sears et al., 2009). A detailed investigation of
composition within the entire river gravel deposit may fine-tune our current tectonic models for the
area. In particular, valuable information regarding drainage alteration resulting from migration of the
Yellowstone volcanic system may be gathered from the deposit. More detailed provenance studies
would likely highlight this termination of the river system providing insights to uplift rates associated
with individual calderas as well as the crescent of high topography surrounding Yellowstone.
TECTONIC IMPLICATIONS
Drivers for shear in the CSZ
More detailed investigations of the CSZ are required to address its relation to the regional
tectonics, constrain age, and understand the driving mechanisms for shear. The active shear proposed
by this study on the northern boundary of the ESRP appears to also be occurring on the southern
boundary, in the opposite sense (left-lateral). Along the south boundary, similar high-angle faults with
minimal normal displacement have been documented, suggesting an immature shear zone mirroring
that of the CSZ (Allmendinger, 1982). These features have long been attributed to deformation
associated with the crustal loading of the basaltic ESRP, as suggested by fold hinges which systematically
plunge below the ESRP (Rodgers et al., 2002). However, the spatial distribution of strain features
observed in this field site of the CSZ does not strongly support this interpretation. The horizontal σ1
signature observed in pressure solution pits is confined to the active shear zone and is weakest near the
ESRP. Crustal flexure would create a regional stress field resembling an extensional stress regime across
its entirety, bordering the ESRP. Offset landforms also suggest simple shear within the discrete CSZ. The
high-angle nature of the observed conjugate faults, accommodate little extension, or vertical
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displacement. It has been calculated that 2% extension has been accommodated normal to strike
(Zentner, 1989). It has been suggested that this minimal extension would serve in accommodating the
amount of crustal flexure experienced by the ESRP (Rodgers et al., 2002). However, a preferred dip
orientation was not found, and vertical movement was comparable and of low magnitude on both NWand SE- dipping faults. The observed conjugate fault array results in essentially no net vertical offset and
therefore does not effectively accommodate subsidence in the ESRP. Lateral offset is much more easily
accommodated given the fault geometry observed. If a width of 45 km is assumed as suggested by
Payne et al. (2013), the maximum estimate for lateral offset (5.5 km) could be achieved by 21 cm of
horizontal displacement per fault, given the observed fault density. The results of this study support
shear rather than crustal flexure as the dominant contributor to strain. Therefore it is assumed that
analogous deformation features observed on the southern boundary of the ESRP are the result of leftlateral shear. Crustal flexure may play a role in deformation within the ESRP, but within the study site
deformation features are attributed to shear rather than crustal loading on the ESRP.
The driving mechanism for shear in the CSZ seems to lie in kinematic disparities between the
CTB and the ESRP. Extension within the ESRP is often attributed to dike injection while the CTB
accommodates extension with large normal faults (Parsons et al., 1998; Sears and Fritz, 1998). It is
possible that kinematic differences between diking and normal faulting drive shear within the CSZ.
Diking appears to accommodate extension to a lesser degree than normal faulting, as is suggested by
GPS velocities of the ESRP as compared to the CTB (Payne et al., 2013). Shear strain is highest just in
front of the NE end of the ESRP, to the immediate NW of the present Yellowstone caldera (Becker et al.,
2015). In the older southwestern end of the ESRP, strain subsides as extension along the ESRP and the
CTB occur at compliable rates (Payne et al., 2013). This relationship may highlight that normal fault
geometry can accommodate more extension more rapidly than dike injection. This may be due to
constraints set by the high-angle nature of dikes and the maximum density or rate at which diking can
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occur. High heat flow within the ESRP and the Yellowstone area may also limit the rate of diking. Shear is
not as well defined on the southern boundary of the ESRP (Payne et al., 2013; Becker et al., 2015). This
may be due to a more gradational change from diking within the ESRP to normal faulting in the Basin
and Range. More detailed studies are required to truly investigate the driving mechanisms of the CSZ.
Relation to regional Tectonics and volcanism
If shear along the northern boundary exceeds shear along the southern boundary, a net rightlateral shear remains. However, it is also possible that shear is only more widely distributed about the
southern boundary of the ESRP. Overall right lateral shear has been suggested for the ESRP as an
accommodation zone between differential extension rates in the northern and southern Basin and
Range (Konstantinou and Miller, 2015). Such an accommodation zone would serve as a larger-scale
tectonic driver for the CSZ. It is possible that as the extension in the Basin and Range expands its east
and west margins, the Yellowstone and McDermitt trends developed along the leading edge of such
accommodation zones, creating the CSZ and the Brothers fault zone respectively (Foulger et al., 2015).
While the McDermitt and Yellowstone trends have obvious dissimilarities, they both display features of
emerging shear zones as demonstrated by the results of this study as well as Curren and Bird (2014). The
Brothers fault zone matches fault arrays observed within analog models of suppressed right-lateral
strike-slip fault systems. Right-lateral shear in the ESRP region and the Brothers fault zone likely relates
to the observed rotational stress field observed across the western US (McCaffrey et al., 2012). Further
investigations between these two undeveloped shear zones is needed to understand linkages to the
Basin and Range and the McDermitt and Yellowstone volcanic systems.
The results of the investigation of the CSZ have implications for many models for the
Yellowstone volcanic system. Increasing evidence is inconsistent with the classical hotspot model for the
Yellowstone volcanic system, and suggests a strong if not dominant tectonic influence. There is an
obvious thermal anomaly below Yellowstone, observable to ~ 800 km (Schmandt et al., 2012). The
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intensity and depth of this imaged thermal anomaly is highly variable across investigations and seems to
be highly dependent on model parameters and constraints (eg Schmandt et al., 2012; Becker, 2012;
Burdick et al., 2014). Recent tomography by French and Romanowicz (2015) identified several broad
zones of deep upwelling mantle below various hotspots, but found no such anomaly under Yellowstone.
This suggests that Yellowstone anomaly is not part of a widespread convection cell which seems to be
the case for other hotspots, but rather that it is a localized upper mantle anomaly. At the basic level, the
bimodal habit of volcanism associated with Yellowstone is typical of rift zones and is observable
throughout the Basin and Range to a lesser degree. The caldera track has long been cited as time
progressive, although the migration rate from 16-10 Ma approximately triples that from 10 Ma to the
present (Anders, 1994). This is often attributed to differential rates of extension within the Basin and
Range in those time frames, although there is no evidence for a change in extension rates of that
magnitude (Zoback et al., 1981). The three most recent calderas, dating back to 2.1 Ma, display a nested
array (Bindeman et al., 2007). The 6.6 – 4.0 Ma Heise volcanic field contains 4 nested calderas which
predate the most recent 3 associated with Yellowstone (Bindeman et al., 2007). Beyond the Heise
volcanic field, calderas are obscured or buried beneath the extensive basalts of the Snake River Plain,
making it difficult to constrain age progression prior to the Heise. Out of phase basaltic volcanism is
common within the Snake River Plain, among various fissures which crosscut the axis of the ESRP such as
the Holocene Craters of the Moon, the Grand Rift, Hells Half Acre and Cerro Grande lava fields (Kuntz et
al., 1992). These lava fields lie in line with regional normal faults in the CTB, similar to the relationship
between the Middle Creek Butte fault and the Spencer High Point volcanic fissure (Kuntz et al., 1992). As
is the case with the Spencer High Point, these young basaltic magmatic events typical initiate in previous
calderas several million years after their initial eruption.
Age progressive acceleration occurs along the large regional normal faults bounding the ESRP,
with the youngest and most active faults, such as the Centennial, Red Rock, and Teton fault, occurring
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near the young end of the track. This time-progressive activity of regional normal faults matches our
calculated velocity for the NA plate more closely than time progression of major calderas along the
Yellowstone track (Anders, 1994). At the other end of the track, initiation of the McDermitt and
Yellowstone trends fall between the 0.704 and 0.706 isopleths of Sr87/Sr86 which signify the boundary
between craton and accreted terrain (Pierce and Morgan, 2009; Shervais and Hanan, 2008). This
boundary is a natural weakness which we would expect to serve as nucleation point for tectonic
deformation. The detachment of the subducting Farallon Plate occurred around this time as well, which
likely played a critical role in triggering Basin and Range extension (Liu and Stegman, 2012). A current
model for the Yellowstone system correlates detachment of the subducting Farralon slab to
emplacement of the mantle plume, suggesting various features of the Basin and Range (McDermitt
Trend, Columbia River Flood Basalts, Basin and Range extension, Yellowstone hotpsot etc.) are the result
of a mantle plume (Camp et al., 2015). Conversely, recent models suggest that slab properties are
critical to evolution while the presence of a mantle plume plays a negligible role in slab detachment and
fails to produce a shallow thermal anomaly and age progressive track observed (Leonard and Liu, 2016).
The unique geochemical signatures of the magmas associated with the Yellowstone volcanic
system are often held as strong evidence for an anomalously deep mantle source. Enriched He3/He4
isotope ratios are observed within Yellowstone to varying degrees, and are attributed to a deep mantle
source which is rich in primordial He3 as compared to He4 produced by radioactive decay within the
crust (Christiansen et al., 2002). Lowenstern et al. (2014) has found that degassed He within Yellowstone
National Park is enriched in He4 and suggests that He3/ He4 ratios reflect interactions with Archean
basement rock rather than a deep mantle source. Large volumes of low δ18 O magmas in the Heise
volcanic field and the modern Yellowstone calderas indicate progressive re-melting of previous volcanic
rocks which causes a drop in δ18 O over the 2-3 Myr life of the nested caldera system (Bindeman et al.,
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2007). These results do not support inheritance of low δ18 O concentrations from mantle or crustal
sources.
Contemporary models may underestimate the role intraplate tectonics have on the Yellowstone
volcanic system. Age progression of accelerated faulting on the major Basin and Range normal faults
bounding the ESRP matches the velocity of the North American Plate more closely than age progression
of calderas (Anders, 1994). Some have suggested advancement of the margins of the actively extending
Basin and Range plays a strong role in the Yellowstone anomaly (Foulger et al., 2015). The Centennial
shear zone may offer critical evidence for assessing tectonic influences and feedback with the
Yellowstone volcanic system. Shear strain estimates of Payne et al. (2013) increase to the NE, attaining a
maximum near the Centennial and Madison Faults offset to the NW from the present day caldera
(Becker et al., 2015). Slight shear strain also bounds the southern boundary of the ESRP and extends
south along the Wasatch front. Regional surface velocities, and earthquake distributions suggest that
the Yellowstone volcanic system fits within a broader tectonic trend across the Basin and Range (Payne
et al., 2013, Becker et al., 2015). A rotational stress field is observable across the western US. A similar
rotational stress field can be observed within Yellowstone National Park, on a much smaller scale (Wait
and Smith, 2004). GPS velocities are coincident with Basin and Range deformation throughout much of
Yellowstone National Park, with the exception of the northeast extreme, where GPS vectors diverge
away from the caldera (Smith et al., 2009). This velocity field suggests tension, and cannot easily be
explained simply by caldera inflation. Surface strain is often attributed entirely to the thermal anomaly
beneath, but the influence of tectonic stresses on the observed anomaly demand recognition. The
Centennial shear zone offers yet another coincident tectonic feature which concludes at Yellowstone,
perhaps suggesting a stronger tectonic influence than our current models explain. Our classic
interpretation of the Yellowstone system as a hotspot, anomalous to the surrounding tectonic setting
seems fundamentally flawed. While Yellowstone does display a strong upper mantle thermal anomaly,
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the volcanic system fits well within the context of Basin and Range tectonics. With an increased
understanding of crustal features such as the CSZ, we can identify the role that tectonic stresses have on
the Yellowstone volcanic system.
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